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ABSTRACT
S e q u e n c i n g  B a t c h  R e a c t o r  ( S B R )  p r o c e s s  h a s  b e e n  e v a l u a t e d  a s  
a  c o s t  -  e f f e c t i v e  a l t e r n a t i v e  t r e a t m e n t  s y s t e m  f o r  p a l m  o i l  
r e f i n e r y  e f f l u e n t  i n  M a l a y s i a .  T h i s  i n n o v a t i v e  p r o c e s s  h a s  
s u c c e s s f u l l y  g o n e  t h r o u g h  l a b o r a t o r y  a n d  p i l o t  s c a l e  s t u d i e s .  
T h e  t e c h n o l o g y  h a s  a l s o  s u c c e s s f u l l y  b e e n  t r a n s f e r r e d  t o  f u l l  
c o m m e r c i a l  s c a l e  a p p l i c a t i o n .  T h e  p r e s e n t  s t u d y  h a s  
d e m o n s t r a t e d  t h a t  S B R  p r o c e s s  i s  c a p a b l e  o f  p r o d u c i n g  h i g h l y  
p u r i f i e d  f i n a l  d i s c h a r g e  w i t h  v e r y  l o w  c h e m i c a l  o x y g e n  d e m a n d  
( C O D )  ( < 1 0 0  m g / 1 )  a n d  s u s p e n d e d  s o l i d s  ( S S )  { < 5 0  m g / 1 ) .
T h e  p r e s e n t  s t u d y  h a s  a l s o  s h o w n  t h a t  t h e  S B R  p r o c e s s  c a n  b e  
e a s i l y  s t a r t e d  i f  a c t i v e  s l u d g e  i s  a v a i l a b l e .  T h e  p e r f o r m a n c e  
i n  t e r m s  o f  C O D  r e m o v a l  e f f i c i e n c y  d o e s  n o t  d e p e n d  v e r y  m u c h  
o n  t h e  C O D  o f  t h e  r a w  e f f l u e n t .  T h e  q u a l i t y  o f  t h e  f i n a l  
d i s c h a r g e  c a n  b e  c o n t r o l l e d  b y  d e l a y i n g  t h e  d i s c h a r g e  o f  t h e  
r e a c t o r  c o n t e n t  i . e .  b y  p r o l o n g i n g  t h e  a e r a t i o n  p e r i o d .  
T y p i c a l l y ,  w h e n  t h e  C O D  o f  t h e  r a w  e f ' f l u e n t  i s  l e s s  t h a n  
1 , 5 0 0  m g / 1 ,  a  1 2  h o u r  c y c l e  ( f i l l s  4  h o u r s ;  a e r a t i o n :  8
h o u r s ;  s e t t l i n g :  2  h o u r  a n d  i d l e  : 2  h o u r s . )  i s  a d e q u a t e  t o
p r o d u c e  h i g h l y  p u r i f i e d  f i n a l  d i s c h a r g e .
I t  w a s  f o u n d  g e n e r a l l y  t h a t  s i m u l t a n e o u s  f i l l i n g  a n d  a e r a t i o n  
p r o d u c e d  b e s t  r e s u l t s .  T i m e  o f  f i l l i n g  d i d  n o t  s e e m  t o  
i n f l u e n c e  t h e  S B R  p e r f o r m a n c e  i n  t e r m s  o f  C O D  r e m o v a l .  I t  d i d  
n o t  a f f e c t  t h e  s e t t l e a b i l i t y  o f  t h e  s l u d g e .
►
II
T h e  o p t i m u m  s l u d g e  l e v e l  w a s  f o u n d  t o  b e  a r o u n d  2 5 0 0  m g / 1 .  
T h e  d i s s o l v e d  o x y g e n  ( D O )  l e v e l  h a d  t o  b e  m a i n t a i n e d  a t  c i b o v e
2 . 5  m g / 1  f o r  e f f e c t i v e  t r e a t m e n t .  T h e  s e t t l e a b i l . i t y  o f  t h e  
s l u d g e  w a s  f o u n d  t o  b e  v e r y  g o o d .  T h e  S V I  w a s  a l w a y s  l e s s  
t h a n  6 0  m l / g m .
T h e  f u l l  s c a l e  c o m m e r c i a l  p l a n t  s t u d y  h a s  s h o w n  t h a t  v e r y  
s t a b l e  o p e r a t i o n  c o u l d  b e  a t t a i n e d  p r o v i d e d  e n o u g h  a e r a t i o n  
t i m e  a n d  D O ( 2 , 5  m g / 1 )  a r e  g i v e n .  T h e  S B R  p r o c e s s  c a n  b e  
f u l l y  a u t o m a t e d  a n d  i s  v i r t u a l l y  m a i n t e n a n c e  -  f r e e .  O n l y  a  
p a r t - t i m e  o p e r a t o r  i s  r e q u i r e d  t o  o v e r s e e  t h e  o p e r a t i o n .  F o r  
f u l l  s c a l e  p l a n t  o p e r a t i o n ,  i t  i s  r e c o m m e n d e d  t o  e m p l o y  a  2 4 -  
h o u r  c y c l e  o p e r a t i o n ,  i . e .  4 - h o u r  F I L L ,  2 0 - h o u r  R E A C T ,  2 - h o u r  
S E T T L E  a n d  2 - h o u r  D E C A N T  a n d  I D L E .  T h i s  o p e r a t i o n  s t r a t e g y  i s  
a b l e  t o  s u s t a i n  h i g h  f l u c t u a t i o n s  o f  C O D  o f  t h e  r e f i n e r y  
e f f l u e n t .
T h e  l o w  p H  d o e s  n o t  a f f e c t  t h e  p e r f o r m a n c e  o f  t h e  p r o c e s s .  
T h e  p r e s e n t  s t u d y  h a s  s h o w n  t h a t  n o  p H  a d j u s t m e n t  w a s  
r e q u i r e d .  O n l y  n i t r o g e n  h a s  t o  b e  a d d e d  t o  s u p p l e m e n t  t h e  
n u t r i e n t  r e q u i r e m e n t s  w h e n  n e c e s s a r y .
T h e  p r e s e n c e  o f  r e s i d u a l  o i l  a f f e c t s  t h e  S B R  p e r f o r m a n c e  t o  a  
l a r g e  e x t e n t .  T h e  o i l  w a s  o b s e r v e d  t o  f o r m  s c u m  w i t h  t h e  
s l u d g e  a n d  f l o a t  o n  t h e  s u r f a c e  o f  t h e  r e a c t o r  l i q u o r .  I t  h a s  
t o  b e  r e m o v e d  a s  s o o n  a s  i t  i s  f o r m e d ,  o t h e r w i s e  t h e  r e a c t o r  
w i l l  s u f f e r  s u b s t a n t i a l  l o s s  o f  s l u d g e  w h i c h  w i l l  d r a s t i c a l l y  
a f f e c t  t h e  p e r f o r m a n c e  o f  t h e  S B R .
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CHAPTER 1 INTRODUCTION J
1 . 1  T h e  M a la y s ia n  P a lm  O i l  I n d u s t r y
O i l  p a lm  w a s  f i r s t  i n t r o d u c e d  t o  M a la y s ia  ( t h e n  M a la y a )  i n  
1 8 7 5 .  I t  w a s  g ro w n  a s  a n  o r n a m e n ta l  p l a n t  f r o m  1 8 7 7  -  1 9 1 6  
a n d  w a s  n o t  c o m m e r c ia l l y  e x p l o i t e d .  T h e  p e r i o d  b e tw e e n  1 9 1 7  -  
1 9 6 0  w i t n e s s e d  t h e  s lo w  a n d  t r a n s i t o r y  g r o w th  o f  o i l  p a lm .  
E n c o u r a g e d  b y  t h e  G o v e rn m e n t a g r i c u l t u r a l  d i v e r s i f i c a t i o n  
p o l i c y ,  1 9 6 0  -  1 9 8 5  s h o w e d  a  r a p i d  g r o w th  i n  o i l  p a lm
c u l t i v a t i o n .  T h e  t o t a l  p l a n t e d  a c r e a g e  h a d  in c r e a s e d  f r o m  
m e re  4 0 0  h e c t a r e s  i n  1 9 2 0  t o  5 5 ,0 0 0  h e c t a r e s  i n  1 9 6 0  a n d  t o  
n e a r  1 . 5  m i l l i o n  h e c t a r e s  i n  19 8 5 . I n  199 0 t h e r e  w e re  m o re  
t h a n  1 .9 8  m i l l i o n  h e c t a r e s  o f  la n d  u n d e r  o i l  p a lm  c u l t i v a t i o n  
i n  M a la y s ia ,  a b o u t  o n e - t h i r d  o f  t h e  t o t a l  c u l t i v a t e d  a r e a  i n  
t h e  c o u n t r y  ( T a b le  1 . 1 ) .
T h e  p r o d u c t i o n  o f  p a lm  o i l  h a s  a l s o  g ro w n  b y  le a p s  a n d  b o u n d s  
o v e r  t h e  l a s t  t h r e e  d e c a d e s  ( T a b le  1 . 1 ) .  I n  1 9 6 0  t h e  
p r o d u c t i o n  w a s  o n l y  9 2 ,7 0 0  t o n n e s .  T e n  y e a r s  l a t e r  i n  1 9 7 0 ,  
i t  h a d  i n c r e a s e d  a lm o s t  f i v e  f o l d s  t o  4 3 1 ,0 0 0  t o n n e s .  A n d  i n  
1 9 9 0 ,  t h e  p r o d u c t i o n  w a s  a  h e f t y  6 .0 9  m i l l i o n  t o n n e s .  I t  w as 
a b o u t  60% o f  t h e  t o t a l  w o r l d ’ s p a lm  o i l  p r o d u c t i o n .  M a la y s ia  
a l s o  a c c o u n t s  f o r  a b o u t  2 2 % o f  t h e  n e t  w o r l d  t r a d e  o f  o i l s  
a n d  f a t s  w h ic h  g i v e s  i t  t h e  d i s t i n c t i o n  o f  n o t  o n l y  b e in g  t h e  
l e a d i n g  e x p o r t e r  o f  p a lm  o i l  b u t  a l s o  o f  b e in g  t h e  l a r g e s t  
s i n g l e  e x p o r t e r  o f  o i l s  a n d  f a t s  i n  t h e  w o r l d .  T h is  e n a b le s  
t h e  p a lm  o i l  i n d u s t r y  t o  r e m a in  a s  t h e  t h i r d  l a r g e s t  e x p o r t
i
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e a r n e r  o f  t h e  c o u n t r y  a f t e r  p e t r o le u m  a n d  g a s  a n d  t im b e r  a n d  
i t s  p r o d u c t s .  T h e  p a lm  o i l  i n d u s t r y  i s  e x p e c te d  t o  c o n t r i b u t e  
7 .1 %  t o  t h e  c o u n t r y ' s  GDP. T h e  i n d u s t r y  a l s o  p r o v id e s  a 
s o u r c e  o f  l i v e l i h o o d  t o  a b o u t  2 0 0 , 0 0 0  r u r a l  f a m i l i e s  i n  
G o v e rn m e n t  la n d  s c h e m e s  a n d  p r i v a t e  s m a l l  h o ld in g s  a n d  
e m p lo y m e n t  o p p o r t u n i t i e s  t o  som e 8 0 ,0 0 0  a g r i c u l t u r a l  w o r k e r s  
i n  e s t a t e s .  E m p lo y m e n t o p p o r t u n i t i e s  a r e  a l s o  m ade a v a i l a b l e  
i n  t h e  a n c i l l a r y  s u p p o r t i n g  i n d u s t r i e s  i n  t r a d i n g ,  p a lm  o i l  
m i l l i n g ,  p r o c e s s in g  a n d  m a n u f a c t u r in g  s e c t o r s .
T h e  p r o g r e s s  o f  t h e  m i l l i n g  a n d  p r o c e s s in g  s e c t o r s  w e re  a l s o  
i n  ta n d e m  w i t h  t h e  d e v e lo p m e n t  o f  o i l  p a lm  p l a n t i n g .  T h e  
n u m b e r  o f  p a lm  o i l  m i l l s  h a s  in c r e a s e d  f r o m  149  i n  19 80 t o  
2 6 2  i n  1 9 9 0 .  C u r r e n t l y  t h e  t o t a l  m i l l i n g  c a p a c i t y  o f  t h e  
m i l l s  i s  a b o u t  8 ,4 4 7  to n n e s  o f  f r e s h  f r u i t  b u n c h e s  ( F F B ) p e r  
h o u r .  A n o t h e r  10 p a lm  o i l  m i l l  l i c e n c e s  h a v e  b e e n  g r a n t e d  
a n d  w i l l  b e  b u i l t  i n  t h e  n e a r  f u t u r e .  W hen t h e y  b e co m e  
o p e r a t i o n a l ,  t h e  m i l l i n g  c a p a c i t y  w i l l  i n c r e a s e  b y  a n o t h e r  
64 2  to n n e s  FFB p e r  h o u r .  H o w e v e r  t h e  c u r r e n t  a v e r a g e  
u t i l i z a t i o n  o f  t h e  m i l l i n g  c a p a c i t y  i s  a b o u t  7 5 .6 % . T h is  
u t i l i z a t i o n  r a t e  d e p e n d s  v e r y  m uch  u p o n  t h e  c r o p  y i e l d  o f  t h e  
o i l  p a lm  e s t a t e s .
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T a b le  1 . 1  O i l  p a lm  h e c t a r a g e  a n d  p a lm  o i l  
p r o d u c t i o n  i n  M a la y s ia
Y e a r C u l t i v a t e d  a r e a P a lm  o i l  p r o d u c t i o n
( X 1 0 0 0  Ha ) ( X 1 0 0 0  MT )
1 9 2 0 0 .4
1 9 3 0 2 1 5
1 9 4 0 31 58
1 9 5 0 39 53
1 9 6 0 55 92
1 9 7 0 291 4 3 1
1 9 8 0 1 0 4 3 2 5 7 3
19 8 5 1 4 6 8 4 1 3 3
1 9 8 6 1 5 9 9 4 5 4 4
1 9 8 7 1 6 7 2 4 5 3 3
1 9 8 8 1 786 5 0 3 0
1 9 8 9 1 9 5 1 6 0 5 0
1 9 9 0 1984 6 0 9 0
S o u r c e  : S t a t i s t i c s  o n  C o m m o d it ie s ,  M i n i s t r y  o f  P r im a r y
I n d u s t r i e s ,  M a la y s ia ,  M ay 1 9 9 1 .
T a b le  1 .2  A v e r a g e  y i e l d  o f  o i l  p r o d u c in g  c r o p s
T o n n e s /h a
P a lm  O i l  ( M a la y s ia n  a v e r a g e ) 4 . 0
P a lm  K e r n e l  O i l  ( M a la y s ia n  a v e r a g e ) 0 .5 4
C o c o n u t  O i l 0 .3 5
P e a n u t  O i l 0 . 2 0
S o y b e a n  O i l 0 . 32
S o u r c e  : B a s i r  I s m a i l  (1 9 8 9 )
T h e  p e r i o d  f r o m  1 9 7 5  -  1 9 8 0  a l s o  w i t n e s s e d  t h e  e s t a b l i s h m e n t  
o f  p a lm  o i l  r e f i n i n g  i n d u s t r y  i n  M a la y s ia .  T h is  r e p r e s e n t e d  
a n  im p o r t a n t  p h a s e  i n  t h a t  i t  c o u ld  b e  c o n s id e r e d  t o  b e  t h e  
f i r s t  p h a s e  i n  t e r m s  o f  d o w n s tre a m  a c t i v i t y  i n  t h e  p a lm  o i l  
i n d u s t r y .
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O v e r  t h e  l a s t  d e c a d e ,  t h e  M a la y s ia n  p a lm  o i l  i n d u s t r y  h a s  
g o n e  f u r t h e r  d o w n s t re a m  b y  s e t t i n g  u p  t h e  f i r s t  o le o c h e m ic a l  
p l a n t  i n  1 9 8 0 .  I n v e s t m e n t  i n  t h e  M a la y s ia n  o le o c h e m ic a ls  
i n d u s t r y  g re w  s i g n i f i c a n t l y  o n l y  f r o m  t h e  s e c o n d  h a l f  o f  t h e  
1 9 8 0 s .
P r i o r  t o  1 9 7 5  a l l  e x p o r t  o f  p a lm  o i l  i n  M a la y s ia  w a s  i n  c r u d e  
f o r m ,  b u t  w i t h  t h e  a d v e n t  o f  t h e  p a lm  o i l  r e f i n i n g  i n d u s t r y ,  
e x p o r t  o f  p r o c e s s e d  p a lm  o i l  h a s  b e e n  s t e a d i l y  i n c r e a s i n g .  
A lm o s t  a l l  t h e  c r u d e  p a lm  o i l  (CPO) i s  r e f i n e d  l o c a l l y  t o d a y .  
T h e  p r o c e s s e d  p a lm  o i l  a c c o u n te d  f o r  m o re  t h a n  96% o f  t h e  
t o t a l  p a lm  o i l  e x p o r t e d .  H o w e v e r  t h e  r e f i n i n g  i n d u s t r y  i s  
o f t e n  p la g u e d  w i t h  p r o b le m s  o f  lo w  o r  n e g a t i v e  p r o f i t  
m a r g in s .  Some o f  t h e  r e f i n e r i e s  h a v e  c e a s e d  o p e r a t i o n .  I n  
1 9 8 9 ,  t h e r e  w e re  o n l y  37 r e f i n e r i e s  i n  o p e r a t i o n  w i t h  a t o t a l  
r e f i n i n g  c a p a c i t y  o f  9 .3 1  m i l l i o n  t o n n e s  o f  CPO p e r  y e a r ,  a 
c a p a c i t y  w h ic h  i s  i n  e x c e s s  o v e r  t h e  c o u n t r y ' s  p r o d u c t i o n .
T h e s e  r e f i n e r i e s  a r e  c a p a b le  o f  p r o d u c in g  a  w id e  r a n g e  o f  
p a lm  o i l  a n d  p a lm  k e r n e l  o i l  b a s e d  p r o d u c t s ,  M a la y s ia  now  
o f f e r s  a  w id e  r a n g e  o f  p r o c e s s e d  p r o d u c t s  t o  m e e t t h e  v a r i e d  
d e m a n d s  f o r  g e n e r a l  a n d  s p e c i f i c  p u r p o s e s .  T h is  m a jo r  
d e v e lo p m e n t  h a s  l e d  t o  i n c r e a s e d  v e r s a t i l i t y  o f  p a lm  o i l  a n d  
a l s o  t o  c h a n g e s  i n  t h e  w o r l d  m a r k e t .
P a lm  o i l  h a s  t h r e e  m a jo r  t e c h n o - e c o n o m ic  a d v a n ta g e s  o v e r  
o t h e r  o i l s  a n d  f a t s  ( Y u s o f  B a s i r o n  a n d  J a y a  G o p a l ,  1 9 9 0 ) .  
F i r s t l y ,  p a lm  o i l  i s  a r e l i a b l e  s o u r c e  o f  s u p p ly  o f  o i l s  a n d
►
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f a t s .  U n l i k e  m o s t  o t h e r  o i l  s e e d  c r o p s ,  o i l  p a lm  i s  a 
p e r e n n i a l  c r o p  w i t h  a  p r o d u c t i v e  -  e c o n o m ic  l i f e  s p a n  o f  25 -  
30  y e a r s .  T h is  m a ke s  i t  p o s s i b l e  t o  f o r e c a s t  t h e  l e v e l  o f  
p r o d u c t i o n  a n d  s u p p ly  o f  p a lm  o i l  som e y e a r s  a h e a d  w i t h  
r e a s o n a b le  a c c u r a c y .  H e n c e  p a lm  o i l  h a s  b e co m e  a n  e s s e n t i a l  
i n g r e d i e n t  i n  t h e  lo n g  t e r m  s t r a t e g y  o f  p r o c e s s o r s .
T h e  s e c o n d  a d v a n ta g e  t h a t  p a lm  o i l  h a s  i s  t h a t  t h e  p r i c e  o f  
p a lm  o i l  i s  c o m p e t i t i v e  w i t h  o t h e r  v e g e t a b le  o i l s .  T h is  i s  
p r i m a r i l y  b e c a u s e  i t s  o i l  y i e l d  a t  4 t o n n e s  p e r  h e c t a r e  i s  
t h e  h i g h e s t  am ong  t h e  o i l  s e e d  c r o p s  w h i l e  i t s  c o s t  o f  
p r o d u c t i o n  i s  r e l a t i v e l y  lo w  ( T a b le  1 . 2 ) .
T h i r d l y ,  p a lm  o i l  h a s  s e v e r a l  t e c h n i c a l / c o s t  a d v a n ta g e s  o v e r  
o t h e r  o i l s  a n d  f a t s  i n  c e r t a i n  s p e c i f i c  u s e s .  F o r  i n s t a n c e ,  
f u l l y  p r o c e s s e d  p a lm  o i l  o r  o l e i n  c a n  b e  u s e d  a s  d e e p  f r y i n g  
o i l  a n d  h a s  a  b e t t e r  fo a m in g  q u a l i t y  a n d  l o n g e r  s h e l f  l i f e ,  
c o m p a re d  w i t h  o t h e r  o i l s .  S i m i l a r l y ,  i n  i n e d i b l e  u s e ,  s o a p  
m ade f r o m  p a lm  o i l  d o e s  n o t  c r a c k  a s  e a s i l y  a s  s o a p  f r o m  
t a l l o w .  P a lm  o i l  h a s  t h e  m o s t  d i s t i n c t  a d v a n ta g e  o v e r  o t h e r  
v e g e t a b le  o i l s  w h e n  i t  i s  u s e d  f o r  t h e  m a n u fa c tu r e  o f  s o l i d  
f a t  i t e m s  s u c h  a s  s h o r t e n i n g ,  m a r g a r in e  a n d  v e g e t a b le  g h e e  
b e c a u s e  o f  i t s  lo w e r  h y d r o g e n a t io n  r e q u i r e m e n t s  f o r  t h e i r  
m a n u f a c t u r e .
1 . 2  U s e s  O f P a lm  O i l
P a lm  o i l  i s  a v e r y  v e r s a t i l e  o i l  w i t h  a r a n g e  o f  d i s t i n c t i v e  
p r o p e r t i e s  w h ic h  e n a b le  i t  t o  m e e t m o s t  o f  t h e  t e c h n o l o g i c a l
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B y  f r a c t i o n a t i n g  p a lm  o i l ,  i t s  u s e s  a r e  f u r t h e r  i n c r e a s e d .  
H y d r o g e n a t io n  a n d  i n t e r e s t e r i f i c a t i o n  i n c r e a s e  i t s  u s a g e  e v e n  
f u r t h e r  e s p e c i a l l y  i n  m a k in g  s p e c i a l i s e d  a n d  s o p h i s t i c a t e d  
e d i b l e  p r o d u c t s .
P a lm  o i l  i s  d e r i v e d  f r o m  t h e  m e s o c a rp  o f  t h e  f r u i t  o f  t h e  o i l  
p a lm  s p e c ie s ,  E l a e i s  g u i n e e n s i s . P a lm  o l e i n  i s  t h e  l i q u i d  
f r a c t i o n  o b t a in e d  f r o m  f r a c t i o n a t i o n  o f  p a lm  o i l .  T h e  
p h y s i c a l  c h a r a c t e r i s t i c s  o f  p a lm  o l e i n  d i f f e r  s i g n i f i c a n t l y  
f r o m  t h o s e  o f  p a lm  o i l .  I t  i s  f u l l y  l i q u i d  i n  w a rm  c l i m a t e s ,  
h a s  a  n a r r o w e r  r a n g e  o f  g l y c e r i d e s  a n d  b le n d s  p e r f e c t l y  w i t h  
a n y  s e e d  o i l .  P a lm  s t e a r i n  i s  t h e  m o re  s o l i d  f r a c t i o n  
o b t a in e d  b y  f r a c t i o n a t i o n .  I t  i s  a c o - p r o d u c t  o f  p a lm  o l e i n .  
T h e  p h y s i c a l  c h a r a c t e r i s t i c s  d i f f e r  s i g n i f i c a n t l y  f r o m  t h o s e  
o f  p a lm  o i l  a n d  p a lm  o l e i n  a n d  i t  i s  a v a i l a b l e  w i t h  a w id e r  
r a n g e  o f  f a t t y  a c i d  a n d  t r i g l y c e r i d e  c o m p o s i t i o n s .  P a lm  
s t e a r i n  i s  a  v e r y  u s e f u l  s o u r c e  o f  f u l l y  h a r d e n e d  f a t  
c o m p o n e n t  f o r  p r o d u c t s  s u c h  a s  s h o r t e n i n g s ,  p a s t r y  m a r g a r in e ,  
v a n a s p a t i  e t c .
P a lm  k e r n e l  o i l  i s  d e r i v e d  f r o m  t h e  s e e d  o f  t h e  p a lm  f r u i t . 
I t s  c h a r a c t e r i s t i c s  a l s o  d i f f e r  s i g n i f i c a n t l y  f r o m  p a lm  o i l  
a n d  i t s  f r a c t i o n s .  I t  i s  b e y o n d  t h e  s c o p e  o f  t h i s  t h e s i s  t o  
d i s c u s s  t h e  p r o p e r t i e s  a n d  c h a r a c t e r i s t i c s  a s  w e l l  a s  t h e  
m a n y  u s e s  o f  t h e s e  p r o d u c t s .  N e v e r t h e le s s  a p a lm  o i l  
u t i l i s a t i o n  c h a r t  i s  i n c l u d e d  i n  F ig u r e  1 .1  f o r  g e n e r a l  
r e f e r e n c e .
r e q u i r e m e n t s  f o r  f o r m u la t i n g  f a t - b a s e d  p r o d u c t s .
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1 . 3  E n v ir o n m e n ta l  C o n s i d e r a t i o n
W h i l s t  i t  i s  r e c o g n is e d  t h a t  t h e  r e v e n u e  f r o m  p a lm  o i l  
i n d u s t r y  h a s  c o n t r i b u t e d  m uch  to w a r d s  t h e  n a t i o n a l
d e v e lo p m e n t  a n d  t h e  im p r o v e m e n t  i n  t h e  s t a n d a r d  o f  l i v i n g  o f  
t h e  M a la y s ia n s ,  t h e  r a p i d  e x p a n s io n  o f  t h e  i n d u s t r y  h a s  a l s o  
r e s u l t e d  i n  t h e  d e t e r i o r a t i o n  o f  t h e  e n v i r o n m e n t .  I n  t h e  7 0 s ,  
d i s p o s a l  o f  p a lm  o i l  i n d u s t r i a l  w a s te  i n  a n  e n v i r o n m e n t a l l y  
s a f e  m a n n e r  w a s  b e c o m in g  a  s e r i o u s  c o n c e r n  o f  t h e  i n d u s t r y ,  
p u b l i c  a n d  t h e  G o v e rn m e n t .  R e a l i s i n g  t h e  s o c io - e c o n o m ic a l  
im p a c t  o f  t h e  p r o b le m ,  t h e  g o v e r n m e n t  e n a c te d  t h e  E n v i r o n m e n t  
q u a l i t y  A c t  i n  1 9 7 4  a n d  t h e  s p e c i f i c  r e g u l a t i o n s  f o r  p a lm  o i l  
m i l l  e f f l u e n t  i n  1 9 7 7 .  T h e  r e g u l a t i o n s  g o v e r n in g  d i s c h a r g e s  
t o  w a t e r  c o u r s e  a n d  t o  la n d  cam e i n t o  f o r c e  o n  1 J u l y  197  8 . 
S i m i l a r l y  r e g u l a t i o n s  g o v e r n in g  t h e  d i s c h a r g e  o f  p a lm  o i l  
r e f i n e r y  a n d  o le o c h e m ic a l  i n d u s t r i a l  e f f l u e n t s  w e re  a l s o  
f o r m u l a t e d .
T h e  c u r r e n t  d i s c h a r g e  s t a n d a r d s  f o r  p a lm  o i l  i n d u s t r i a l  
e f f l u e n t s  a r e  sh o w n  i n  T a b le  1 . 3 .
1 . 3 . 1  P a lm  O i l  M i l l  E f f l u e n t
A  s c h e m a t ic  f l o w  d ia g r a m  o f  a  t y p i c a l  p a lm  o i l  m i l l  i s  g iv e n  
i n  F ig u r e  1 . 2 .
A  l a r g e  q u a n t i t y  o f  w a t e r  i s  n e e d e d  f o r  t h e  p a lm  o i l  m i l l i n g  
o p e r a t i o n s .  A s a  r e s u l t ,  t h e  p a lm  o i l  m i l l s  g e n e r a t e
Table 1.3, Discharge standard.fer palm oil industrial.effluents
Parameters @
-
Pome
_ po^Ea^ QIE
A B
Temperature °C 45 40 40
pH 5.0-9.0 6.0-9.0 5.5-9.0
BOD3 mg/l 
(3 days 30 °C)
100 20 50
COD mg/l # - 250 250
SS mg/l 400 50 100
O & G mg/l 50 - -
AN mg/l 150 - -
TN mg/l 200 - -
@ BOD3 - Biochemical Oxygen Demand 
COD - Chemical Oxygen Demand 
SS - Suspended Solids 
O & G - Oil and Grease 
AN - Ammonical Nitrogen 
TN - Total Nitrogen
# Ungazetted
POME- Palm Oil Mill Effluent 
PORE - Palm Oil Refinery Effluent 
OIE - Oleochemical Industrial Effluent
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v o lu m in o u s  a m o u n ts  o f  l i q u i d  w a s te ,  c o m m o n ly  k n o w n  a s  p a lm  
o i l  m i l l  e f f l u e n t  (POME) w h ic h  c o n s t i t u t e d  t h r e e  m a in  
w a s t e w a t e r s  f r o m  a  m i l l ,  n a m e ly ,  s t e r i l i s e r  c o n d e n s a te ;  
s e p a r a t o r  s lu d g e  a n d  h y d r o c y c lo n e  d is c h a r g e  ( F ig u r e  1 . 2 ) .  F o r  
a  w e l l  o p e r a t e d  m i l l ,  a b o u t  2 . 5  c u b ic  m e t r e s  o f  POME i s  
g e n e r a t e d  f o r  e v e r y  t o n n e  o f  p a lm  o i l  p r o d u c e d .  T h u s  i n  1 9 8 9 ,  
a b o u t  1 5 .1 5  m i l l i o n  t o n n e s  o f  POME w e re  g e n e r a t e d .  T h is  w i l l  
i n c r e a s e  a s  m o re  m i l l s  w i l l  b e  b u i l t  i n  t h e  n e a r  f u t u r e .
POME i s  n o n - t o x i c .  I t  c o n t a in s  w a t e r  a n d  r e s id u e  c o m p o n e n ts  
f r o m  p a lm  f r u i t s .  No c h e m ic a l  i s  a d d e d  d u r i n g  t h e  m i l l i n g  
p r o c e s s .  I t  h a s  a p le a s a n t  s m e l l  w h e n  f r e s h .  H o w e v e r  i t  i s  
a c i d i c  a n d  h i g h l y  p o l l u t i n g  i n  t e r m s  o f  b io c h e m ic a l  o x y g e n  
d e m a n d  (BOD) a n d  s u s p e n d e d  s o l i d s  a s  i n d i c a t e d  i n  T a b le  1 . 4 .  
I n  t e r m s  o f  BOD lo a d  i t  h a s  a  p o p u l a t i o n  e q u i v a l e n t  o f  a b o u t
2 2 . 3  m i l l i o n  p e o p le ,  w h ic h  i s  m o re  t h a n  t h e  t o t a l  p o p u l a t i o n  
o f  M a la y s ia .
T h e  p a lm  o i l  m i l l s  a r e  m o s t l y  l o c a t e d  i n  t h e  o i l  p a lm  e s t a t e s  
n e a r  t h e  r i v e r s .  H e n c e  i n  t h e  e a r l y  d a y s ,  w h e n  t h e  n u m b e r  o f  
m i l l s  w a s  s m a l l ,  t h e  m o s t  c o n v e n ie n t  a n d  e c o n o m ic  w a y  o f  
d i s p o s i n g  t h e  POME w as  t o  d i s c h a r g e  i t  i n t o  t h e  r i v e r s  
l e a d i n g  t o  t h e  s e a s ,  a n d  l e t  n a t u r e  t a k e  c a r e  o f  i t .  T h is  w a s  
a c c e p t a b le  a s  t h e  v o lu m e  d is c h a r g e d  w as s m a l l . W i t h  t h e  r a p i d  
i n c r e a s e  i n  t h e  n u m b e r  o f  p a lm  o i l  m i l l s  i n  t h e  7 0 s ,  t h e  
r i v e r s  w e re  n o t  a b le  t o  r e c e i v e  t h e  t r e m e n d o u s ly  l a r g e  v o lu m e  
o f  POME w i t h o u t  a f f e c t i n g  i t s  w a t e r  q u a l i t y .  T h is  h a d  
r e s u l t e d  i n  t h e  d e s t r u c t i o n  o f  a q u a t i c  l i f e  a n d  d e t e r i o r a t i o n
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T a b le  1 .4  C h a r a c te r is t ic s  o f  P a lm  o il m ill e f f lu e n t
Parameter •>> Mean Range
pH 4.2 3.4-5.2
BOD (mg/l) 25,000 10,250-43,750
COD (mg/l) 50,000 16,000- 100,000
TS (mg/l) 40,500 11,500-78,700
SS (mg/l) 18,000 5,000 - 54,000
TVS (mg/l) 34,000 9,000 - 72,000
O & G (mg/l) 6,000 150 - 18,000
AN (mg/l) 35 4 - 80
TN (mg/l) 750 180- 1,400
BOD - Biochemical Oxygen Demand
COD - Chemical Oxygen Demand
TS - Total Solids
SS - Suspended Solids
TVS - Total Volatile Solids
O & G - Oil Grease
AN - Ammonical Nitrogen
TN - Total Nitrogen
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o f  t h e  n a t u r a l  e c o lo g y  o f  t h e  s u r r o u n d in g .  T h is  h a d  c a u s e d  
m u ch  h a r d s h ip  t o  t h o s e  w h o s e  l i v e l i h o o d s  d e p e n d e d  u p o n  t h e  
r i v e r s .  T h u s  t h e  q u e s t i o n  o f  POME a n d  i t s  p o l l u t i o n  c o n t r o l  
h a d  b e c o m e  t h e  s u b j e c t  o f  m uch  c o n c e r n  t o  t h e  g o v e r n m e n t  a n d  
t h e  i n d u s t r y  a s  w e l l  a s  t h e  e n v i r o n m e n t a l i s t s .  T h o u g h  p a lm  
o i l  i n d u s t r y  h a s  c o n t r i b u t e d  v e r y  m uch  t o w a r d s  r a i s i n g  t h e  
l i v i n g  s t a n d a r d s  o f  t h e  p e o p le ,  i t  h a s  a l s o  d o n e  m u ch  h a rm  t o  
t h e  l i v i n g  e n v i r o n m e n t .  R e a l i s i n g  t h e  s o c io - e c o n o m ic  im p a c t  
o f  t h e  p r o b le m ,  t h e  . G o v e rn m e n t e n a c te d  t h e  E n v i r o n m e n t  
Q u a l i t y  A c t  i n  1 9 7 4  a n d  s p e c i f i c  r e g u l a t o r y  m e a s u re s  f o r  POME 
i n  1 9 7 7 .  T h e  r e g u l a t i o n s  g o v e r n in g  d is c h a r g e s  t o  w a t e r c o u r s e  
cam e i n t o  f o r c e  i n  J u l y ,  1 9 7 7 .  T h e  c u r r e n t  w a t e r c o u r s e  
d i s c h a r g e  s t a n d a r d s  a r e  g iv e n  i n  T a b le  1 . 3 .
A s  POME w a s  u n iq u e  t o  M a la y s ia ,  t h e r e  w as  n o  e s t a b l i s h e d  
m e th o d  o r  s y s te m  o f  t r e a t m e n t  a v a i l a b l e  f r o m  o t h e r  c o u n t r i e s .  
B o th  t h e  p r i v a t e  a n d  p u b l i c  s e c t o r s  h a d  s p e n t  m u ch  e f f o r t s  
a n d  m o n e y  t o  d e v e lo p  a c c e p t a b le  t r e a t m e n t  s y s te m s  f o r  POME. 
T o d a y ,  s e v e r a l  t r e a t m e n t  t e c h n o lo g i e s  h a v e  b e e n  d e v e lo p e d .  
T h e  f l o w  s c h e m e s  o f  t h e  t h r e e  m o s t  w i d e l y  a d o p te d  t r e a t m e n t  
s y s te m s  a r e  sh o w n  i n  F ig u r e s  1 . 3 ,  1 .4  a n d  1 . 5 .  T h e s e
t r e a t m e n t  s y s te m s ,  i f  w e l l  o p e r a t e d  a n d  m a in t a in e d ,  c o u ld  
y i e l d  g o o d  q u a l i t y  d i s c h a r g e  c o m p ly in g  w i t h  t h e  r e g u l a t o r y  
s t a n d a r d s  m o s t  o f  t h e  t im e  (Ma e t  a l . f 1 9 9 0 ) .  T h e  p a lm  o i l  
i n d u s t r y  c o n t i n u e s  t o  l o o k  f o r  m o re  c o s t - e f f e c t i v e  t r e a t m e n t  
s y s te m .
H o w e v e r ,  o v e r  t h e  l a s t  d e c a d e ,  t h e  c o n c e p t  o f  p a lm  o i l  m i l l
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A c id if ic a t io n  P o n d s
Final Discharge
Figure 1.3 : Schematic Flow Diagram For Ponding System
1 4
Sludge for Land
Application
Figure 1A : Schem atic R o w  Diagram Of O pened Tank  D igester And Extended Aeration System
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Figure 1.5 : Schematic Flow Diagram Of Closed Anaerobic Digester 
And Land Application System
Land Application
1.6
Iw a s te  m a n a g e m e n t h a s  c h a n g e d  f r o m  t r e a t m e n t  a n d  d i s p o s a l  t o  
b e n e f i c i a l  u t i l i z a t i o n .  E m p h a s is  i s  now  o n  u t i l i z a t i o n  a n d  
n o t  d i s p o s a l .  POME a n d  o t h e r  b y - p r o d u c t s  a r e  b e in g  
i n c r e a s i n g l y  t r e a t e d  a s  v a l u a b le  r e s o u r c e s  r a t h e r  t h a n  w a s te  
m a t e r i a l s .  T h e y  c a n  g e n e r a t e  h u g e  r e v e n u e  i f  t h e y  a r e  
e x p l o i t e d  c o m m e r c ia l l y .  F o r  e x a m p le ,  POME i s  b e in g  
i n c r e a s i n g l y  r e c y c l e d  t o  t h e  e s t a t e s  a s  f e r t i l i z e r / s o i l  
c o n d i t i o n e r .  T h is  h a s  r e s u l t e d  i n  t r e m e n d o u s  s a v in g  i n  t h e  
f e r t i l i z e r  b i l l s .  E m p ty  f r u i t  b u n c h e s ,  w h ic h  a r e  
t r a d i t i o n a l l y  i n c i n e r a t e d  f o r  t h e i r  a s h  a r e  b e in g  u s e d  a s  
m u lc h  i n  n e a r b y  e s t a t e s  a s  w e l l  a s  e n e r g y  s o u r c e  w h e re  e x t r a  
e n e r g y  i s  r e q u i r e d  (Ma a n d  A b d u l  H a l im ,  1 9 9 1 ) .  J u d i c i o u s  
a p p l i c a t i o n  o f  POME h a s  b e e n  sh o w n  t o  b e  e c o n o m ic a l l y  
b e n e f i c i a l  a n d  e n v i r o n m e n t a l l y  a c c e p t a b le .  W i t h  e f f l u e n t  
a p p l i c a t i o n ,  o i l  p a lm  y i e l d  i n c r e a s e d  b y  2 2 % o v e r  t h e  c o n t r o l  
a r e a s  w h ic h  r e c e i v e d  n o r m a l e s t a t e  f e r t i l i z e r .  No a d v e r s e  
e f f e c t  o n  c r o p  g r o w th  w as  o b s e r v e d .  E f f l u e n t  a p p l i c a t i o n
e f f e c t e d  c h a n g e s  i n  s o i l  c h e m ic a l  p r o p e r t i e s .  S i t e  m o n i t o r i n g  
o f  g r o u n d  w a t e r  q u a l i t y  u s in g  t u b e  w e l l s  i n d i c a t e d  n e g l i g i b l e  
e n v i r o n m e n t a l  im p a c t  o f  e f f l u e n t  a p p l i c a t i o n .  E c o n o m ic  
a n a l y s i s  o f  c o m m e r c ia l  s c a le  e f f l u e n t  u t i l i z a t i o n  s c h e m e s
i n d i c a t e d  s a v in g s  o f  M $ 9 5 /h a /y e a . r  w i t h  a p p l i c a t i o n  o f  POME. 
T h u s ,  POME w h ic h  w a s  p e r c ie v e d  t o  b e  a p r o b le m  h a s  b e co m e  a 
v a l u a b l e  r e s o u r c e  t o  t h e  o i l  p a lm  p l a n t a t i o n  a s  f e r t i l i s e r .
1 . 3 . 2  P a lm  O i l  R e f i n e r y  E f f l u e n t
I n  t h e  c a s e  o f  p a l m  o i l  r e f i n e r y  e f f l u e n t  ( P O R E )  t r e a t m e n t ,
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Figure 1 . 6  
Flow Diagram of Alkali-
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Is t a n d a r d s  ( T a b le  1 . 3 )  a r e  d i f f e r e n t  f r o m  t h o s e  f o r  POME. T h e
n a t u r e  a n d  c h a r a c t e r i s t i c s  o f  t h e  PORE a r e  a l s o  v e r y  m uch 
d i f f e r e n t  f r o m  t h o s e  o f  POME. T h e  c h o ic e  o f  a  s u i t a b l e
t r e a t m e n t  s y s te m  w a s  m ade d i f f i c u l t  b y  i t s  c o m p le x i t y  i n  t h e  
f l o w  a n d  c h a r a c t e r i s t i c s .  I t  h a s  b e e n  v e r y  d i f f i c u l t  t o  
o b t a i n  o r  p r e d i c t  a c c u r a t e l y  t h e  f l o w  o f  e f f l u e n t  f r o m  t h e
r e f i n e r y .  I t  c a n  v a r y  d a i l y  d e p e n d in g  v e r y  m uch  o n  t h e  
p r o d u c t i o n  p r o c e s s  u s e d  f o r  t h e  d a y .  I t  i s  o f t e n  l i m i t e d  b y  
la n d  c o n s t r a i n t .  T h u s  f r o m  t h e  i n d u s t r y ' s  s t a n d p o in t  a 
t r e a t m e n t  s y s te m  i s  n e e d e d  w h ic h  i s  c o m p a c t ,  h i g h l y  e f f e c t i v e  
a n d  s t a b l e  i n  o p e r a t i o n  a n d  o n l y  r e q u i r e s  m in im u m  o p e r a t o r  
a t t e n t i o n .
T h e  p a lm  o i l  r e f i n e r i e s  i n  M a la y s ia  c a n  b e  c l a s s i f i e d  i n t o  
t h e  f o l l o w i n g  t h r e e  c a t e g o r i e s  b a s e d  o n  t h e  t y p e  o f  
o p e r a t i o n :
■ C a te g o ry  A  : P h y s i c a l  r e f i n i n g  a n d  d r y  f r a c t i o n a t i o n ,  
C a te g o r y  B : P h y s i c a l  r e f i n i n g  a n d  d e t e r g e n t  
f r a c t i o n a t i o n ,  a n d  
C a t e g o r y  C : P h y s i c a l  a n d  a l k a l i  ( c h e m ic a l )  r e f i n i n g  a n d  
d e t e r g e n t  f r a c t i o n a t i o n .
C a t e g o r y  A  i s  t h e  m o s t  w i d e l y  a d o p te d  r e f i n i n g  p r o c e s s  i n  
M a la y s ia .  T h e  s c h e m a t ic  f l o w  d ia g r a m s  o f  A l k a l i  R e f i n i n g  a n d  
P h y s i c a l  (S te a m )  R e f i n i n g  P r o c e s s e s  f o r  p a lm  o i l / p a l m  
o l e i n / p a l m  s t e a r i n  a n d  S in g l e  F r a c t i o n a t i o n  P r o c e s s  o f  p a lm
i t  i s  n o t  a s  s t r a i g h t  f o rw a rd  as  t h a t  o f  POME. The d i s c h a r g e
t
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F i g u r e  1 . 7  
F l o w  D i a g r a m  o f  
S i n g l e  F r a c t i o n a t i o n  P r o c e s s  o f  P a l m  O i l
\ l /
P a lm  O le in
\ J Z
P a lm  S te a r in
Io i l  a r e  sh o w n  i n  F ig u r e s  1 .6  a n d  1 .7  r e s p e c t i v e l y .  A  b r i e f  
d e s c r i p t i o n  o f  e a c h  u n i t  p r o c e s s  i s  g iv e n  b e lo w .
1 . 3 . 2 . 1  P h y s i c a l  R e f i n i n g
P h y s i c a l  o r  s te a m  r e f i n i n g  o f  p a lm  o i l  i s  a w i d e l y  a d o p te d  
p r o c e s s  i n  M a la y s ia .  I n  p h y s i c a l  r e f i n i n g ,  t h e  f r e e  . f a t t y  
a c id s  a n d  o d o u r s  a r e  re m o v e d  i n  a s i n g l e  p r o c e s s  b y  s te a m  
d i s t i l l a t i o n  i n  a  s p e c i a l l y  c o n s t r u c t e d  d e o d o r i s e r .  P h y s i c a l  
r e f i n i n g  c o n s i s t s  o f  p r e - t r e a t m e n t  (d e g u m m in g  a n d  b l e a c h in g )  
a n d  d e o d o r i s a t i o n .
P r e - t r e a t m e n t  T h e  c r u d e  p a lm  o i l  i s  p r e - h e a t e d  w i t h  
p h o s p h o r i c  a c i d  a t  a  t e m p e r a t u r e  o f  9 0 -  1 3 0 °C  t o  re m o v e  a l l  
i m p u r i t i e s  s u c h  a s  gum , t r a c e  m e t a ls ,  e t c .  T h e  a c i d  t r e a t e d  
o i l  i s  t h e n  b le a c h e d  u n d e r  v a c u u m  w i t h  1  -  2 % b le a c h in g
e a r t h ,  f o l l o w e d  b y  f i l t r a t i o n .
D e o d o r i s a t i o n  T h e  p r e - t r e a t e d  o i l  i s  t h e n  s te a m  s t r i p p e d  
u n d e r  v a c u u m  ( 2 - 6  m b a r )  a t  a t e m p e r a t u r e  o f  2 5 0  -  2 6 0 °C t o  
re m o v e  t h e  f r e e  f a t t y  a c id s  a n d  o d o r i f e r o u s  s u b s ta n c e s  a s  
w e l l  a s  t h e  u n s t a b le  c a r o t e n o id  p ig m e n t s .  T h e  o i l  le a v e s  t h e  
d e o d o r i s e r  a s  r e f i n e d ,  b le a c h e d  a n d  d e o d o r is e d  p a lm  o i l  
(.RBDPO) . T h e  f a t t y  a c i d  d i s t i l l a t e ,  a b y - p r o d u c t  o f  t h i s  
p r o c e s s  h a s  a  f r e e  f a t t y  a c id s  o f  80 -  95% . I t  i s  n o r m a l l y  
e x p o r t e d  t o  b e  u s e d  a s  a n im a l  f e e d ,
1 . 3 . 2 . 2  A l k a l i  ( C h e m ic a l )  R e f i n i n g
T h e  p r o c e s s  o f  a l k a l i  r e f i n i n g  c o n s i s t s  o f  n e u t r a l i s a t i o n -
I
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N e u t r a l i s a t i o n  T h e  c r u d e  p a lm  o i l  i s  f i r s t  t r e a t e d  w i t h  
a d e q u a te  a m o u n t o f  p h o s p h o r ic  a c id  t o  re m o v e  t h e  gummy 
s u b s t a n c e  ( m a in l y  p h o s p h o t i d e s ) f o l l o w e d  b y  n e u t r a l i s a t i o n .  
N o r m a l l y  c a u s t i c  s o d a  i s  u s e d  t o  n e u t r a l i s e  t h e  f r e e  f a t t y  
a c id s  i n  t h e  o i l .  T h e  s o a p s t o c k ,  a  p r o d u c t  o f  a l k a l i  r e f i n i n g  
i s  s p l i t  w i t h  m in e r a l  a c i d  ( s u l p h u r i c  a c id )  a n d  s o l d  a s  a b y ­
p r o d u c t  c a l l e d  p a lm  a c i d  o i l .
T h e  n e u t r a l i s e d  o i l ,  a f t e r  s e p a r a t i n g  f r o m  t h e  s o a p s t o c k ,  i s  
w a s h e d  w i t h  w a t e r  a n d  d r i e d  u n d e r  v a c u u m .
B le a c h in g  A f t e r  t h e  n e u t r a l i s a t io n - c u m - d e g u m m in g  p r o c e s s ,  
t h e  o i l  s t i l l  c o n t a i n s  u n d e s i r a b le  i m p u r i t i e s ,  o d o u r s  a n d  
c o l o u r  p ig m e n ts  w h ic h  n e e d  t o  b e  re m o v e d  a s  m uch  a s  p o s s i b l e  
b e f o r e  t h e  f i n i s h e d  p r o d u c t  w i l l  b e  a c c e p t a b le  t o  ' t h e  
c o n s u m e r s .  M o s t  o f  t h e  i m p u r i t i e s  a n d  a n y  r e s i d u a l  s o a p s  a r e  
re m o v e d  i n  t h e  b le a c h in g  p r o c e s s .  T h e  n e u t r a l i s e d  o i l  a n d  1 -  
2 % o f  b le a c h in g  e a r t h  a r e  m ix e d  u n d e r  v a c u u m  a n d  b le a c h e d  a t  
t e m p e r a t u r e s  o f  9 0 ° -  1 3 0 ° C a n d  t o  a  r e a c t i o n  t im e  o f  20  -  40 
m in u t e s .  T h e r e a f t e r  t h e  e a r t h  t o g e t h e r  w i t h  t h e  i m p u r i t i e s  
a n d  som e c o l o u r i n g  s u b s ta n c e s  a r e  re m o v e d  f r o m  t h e  o i l  b y  
f i l t r a t i o n .  A  c l e a r  l i g h t  c o lo u r e d  o i l  i s  t h u s  p r o d u c e d .
D e o d o r i s a t i o n  A s  d is c u s s e d  e a r l i e r  u n d e r  p h y s i c a l  r e f i n i n g ,  
d e o d o r i s a t i o n  re m o v e s  o d o u r s  a n d  f l a v o u r s  o f  t h e  n e u t r a l i s e d  
a n d  b le a c h e d  o i l  t o  p r o d u c e  a  b la n d  f i n i s h e d  p r o d u c t .  I n  t h i s  
p r o c e s s ,  t h e  d e o d o r i s a t i o n  i s  c a r r i e d  o u t  i n  v a c u u m  ( 2  -  6
cum-degumming, b l e a c h i n g  and d e o d o r i s a t i o n .
I
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m b a r ) .  T h e  o i l  i s  s te a m  s t r i p p e d  a t  h ig h  t e m p e r a t u r e  (2 0 0  -  
2 5 0 ° C ) .  D e o d o r i s a t i o n  a l s o  re m o v e s  p e r o x id e s ,  a ld e h y d e s  a n d  
k e t o n e s ;  d e s t r o y s  c a r o t e n o id s  a n d  r e d u c e s  t h e  f r e e  f a t t y  
a c id s  t o  l e s s  t h a n  0 . 1 0 %.
1 . 3 . 3  S o u r c e s  O f E f f l u e n t  F ro m  P a lm  O i l  P h y s i c a l  R e f i n e r y
T h e  m a jo r  s o u r c e s  o f  e f f l u e n t  f r o m  a p a lm  o i l  p h y s i c a l  
r e f i n e r y  a r e  :
i )  B a r o m e t r i c  w a t e r  f r o m  d e o d o r i s a t i o n ;
i i )  B o i l e r  b lo w d o w n ;
i i i )  F l o o r  a n d  v e h i c l e  w a s h in g s ;
i v )  W a s te  f r o m  d e - o i l i n g  o f  b le a c h in g  e a r t h ;  
v )  C o n d e n s a te  f r o m  t a n k  d r a i n i n g s ,  s u r f a c e  w a t e r  f r o m  t a n k  
f a r m s .
S p e n t  b le a c h in g  e a r t h  i s  u s u a l l y  d is p o s e d  o f  a s  s o l i d  w a s te .  
I n  g e n e r a l ,  t h e  m o s t  s i g n i f i c a n t  p o l l u t i n g  lo a d s  a r i s e  f r o m  
b a r o m e t r i c  w a s te  b le e d  a n d  c le a n in g  o p e r a t i o n s  w i t h i n  t h e  
r e f i n e r y  c o m p le x .  T h e  v o lu m e  a n d  c h a r a c t e r i s t i c s  o f  t h e  
w a s t e w a t e r  a r e  d i f f i c u l t  t o  e s t i m a t e .  I t  c a n  r a n g e  f r o m  0 .5  
t o  5 0  c u b i c  m e te r s  p e r  t o n n e  o f  o i l  p r o c e s s e d .
1 . 4  T r e a tm e n t  T e c h n o lo g y  F o r  P a lm  O i l  R e f i n e r y  E f f l u e n t
I n  g e n e r a l ,  PORE i s  f i r s t  c o l l e c t e d  i n  a  f a t  t r a p  w h e re  f r e e  
o i l  o r  f a t t y  m a t t e r  i s  r e c o v e r e d  o r  re m o v e d  b y  p h y s i c a l  
p r o c e s s e s  l i k e  g r a v i t y  s e p a r a t o r ,  t i l t i n g  p l a t e  s e p a r a t o r  o r  
d i s s o l v e d  a i r  f l o t a t i o n .  A e r o b ic  b i o l o g i c a l  t r e a t m e n t  i s  
g e n e r a l l y  e m p lo y e d .  T h e  a p p l i c a t i o n  o f  a c t i v a t e d  s lu d g e
2 3
p r o c e s s  i s '  w e l l  e s t a b l i s h e d  i n  e d i b l e  o i l  i n d u s t r y  ( D o n n e l l y ,  
1 9 8 9 )  .
C u r r e n t l y  i n  M a la y s ia ,  PORE i s  b e in g  t r e a t e d  b y  p h y s i c a l -  
c h e m ic a l  a n d / o r  a e r o b i c  b i o l o g i c a l  p r o c e s s ,  i . e .  d i s s o l v e d  
a i r  f l o t a t i o n  (D A F ) a n d  a c t i v a t e d  s lu d g e  p r o c e s s  (A S ) t o  a 
c e r t a i n  d e g r e e  o f  s u c c e s s .  T h e  AS p r o c e s s  t h o u g h  e f f i c i e n t ,  
i s  h i g h l y  e n e r g y  i n t e n s i v e .  I t  r e q u i r e s  c l o s e  m o n i t o r i n g  i n  
s lu d g e  s e t t l i n g  a n d  r e c y c l i n g .  I t  a l s o  g e n e r a t e s  a l a r g e  
a m o u n t o f  e x c e s s  s lu d g e  w h ic h  r e q u i r e s  la n d  f o r  d i s p o s a l .  
T h is  o f t e n  p o s e s  t r e m e n d o u s  p r o b le m  t o  t h e  r e f i n e r i e s  w h e re  
la n d  i s  a  c o n s t r a i n t .  A l s o  t h e  AS p r o c e s s  i s  v e r y  p r o n e  t o  
u p s e t s .  T h is  m ay b e  d u e  t o  t h e  p o o r  u n d e r s t a n d in g  o r  
ig n o r a n c e  o f  t h e  p r o c e s s .  T h e  h ig h  v a r i a b i l i t y  o f  t h e  
i n f l u e n t  o r g a n i c  (BO D /C O D ) l o a d  n e c e s s i t a t e s  c l o s e  c o n t r o l  
a c t i o n s  t o  p r e v e n t  p r o c e s s  f a i l u r e  a n d  p r e s e r v e  t r e a t m e n t  
e f f i c i e n c y .  T h is  h a s  c o n t r i b u t e d  t o  t h e  i n c o n s i s t e n c y  i n  t h e  
p l a n t  p e r f o r m a n c e  a n d  i t  h a s  r e s u l t e d  i n  t h e  p o o r  q u a l i t y  
e f f l u e n t  b e in g  d is c h a r g e d .  T h u s  t h e r e  i s  a  n e e d  t o  d e v e lo p  a 
m o re  c o m p a c t  p r o c e s s  w h ic h  i s  c o s t - e f f e c t i v e  i n  t e r m s  o f  
t r e a t m e n t  e f f i c i e n c y ,  s im p le  t o  o p e r a t e  a n d  e a s y  t o  m a i n t a i n .
1 . 5  O b j e c t i v e  O f T h e  P r e s e n t  R e s e a rc h
T h e  m a in  o b j e c t i v e  o f  t h i s  r e s e a r c h  i s  t o  i n v e s t i g a t e  t h e  
e f f i c a c y  o f  s e q u e n c in g  b a t c h  r e a c t o r  (SBR ) f o r  t h e  t r e a t m e n t  
o f  e f f l u e n t  f r o m  p a lm  o i l  p h y s i c a l  r e f i n i n g  p r o c e s s  w h ic h  
i n v o l v e s  s te a m  d i s t i l l a t i o n  o f  f a t t y  a c id s  o f  t h e  p a lm  o i l .
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( i )  L a b o r a t o r y  s c a le  s t u d i e s ,
( i i )  P i l o t  s c a le  p l a n t  e v a l u a t i o n ,  a n d
( i i i )  F u l l  s c a le  c o m m e r c ia l  p l a n t  o p e r a t i o n s .
T h e  s c o p e  o f  t h i s  s t u d y  w i l l  i n c l u d e  e v a l u a t i o n  o f  p r o c e s s  
s t a b i l i t y  a n d  c o n s i s t e n c y  o f  e f f l u e n t  q u a l i t y ;  s lu d g e  w a s t in g  
r e q u i r e m e n t ,  i f  n e c e s s a r y ;  o p e r a t i o n a l  a n d  m a in te n a n c e  
r e q u i r e m e n t s ;  b a t c h  r e a c t o r  p r o c e s s  d e s ig n  i n f o r m a t i o n ;  
c a p i t a l  a n d  o p e r a t i o n  a n d  m a in te n a n c e  c o s t s .
I t  w i l l  be  d i v i d e d  i n t o  t h r e e  p h a s e s  :
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2 . 1 .  I n t r o d u c t i o n
E a r l y  b i o l o g i c a l  w a s te  t r e a t m e n t  p l a n t s  e m p lo y e d  f i l l  a n d  
d r a w  r e a c t o r  s y s te m s .  W h i le  i t  w a s  n o te d  t h a t  t h e s e  s y s te m s  
r e s u l t e d  i n  * m o re  r e l i a b l e  t r e a t m e n t  p e r f o r m a n c e ,  t h e  
c o m p l e x i t i e s  o f  o p e r a t i o n  a n d  t h e  n e e d  o f  c l o s e r  s u p e r v i s i o n  
a s  w e l l  a s  m o re  s o p h i s t i c a t e d  c o n t r o l  s t r a t e g y  r e s u l t e d  i n  
t h e  d e v e lo p m e n t  o f  p r e s e n t - d a y  c o n t i n u o u s - f l o w  r e a c t o r s .  I t  
se e m s  t o  b e  a  m a t t e r  o f  p r e s e n t - d a y  t e c h n o lo g y  t o  o v e rc o m e  
w h a t  a p p e a r e d  t h e n  t o  b e  a  c o m p le x  o p e r a t i o n .
R e a c t o r s  o p e r a t e d  i n  t h e  s e q u e n c in g  b a t c h  m ode m ay p r o v id e  
s t e p w is e  e q u a l i s a t i o n ,  q u ie s c e n t  s e d im e n t a t io n  a n d  m a rk e d  
r e d u c t i o n s  i n  s y s te m  v o lu m e  w h i l e  i n s u r i n g  a c o n t r o l  o v e r  
e f f l u e n t  q u a l i t y  t h a t  c a n n o t  b e  a c h ie v e d  i n  c o n v e n t i o n a l  
c o n t i n u o u s - f l o w  s y s te m s .
2 . 2  D e v e lo p m e n t  O f  S e q u e n c in g  B a tc h  R e a c to r  P r o c e s s
S e q u e n c in g  b a t c h  r e a c t o r  (S B R ) i s  e s s e n t i a l l y  a  m o d i f i c a t i o n  
o f  t h e  o r i g i n a l  f i l l - a n d - d r a w  a c t i v a t e d  s lu d g e  p r o c e s s  f i r s t  
d e s c r i b e d  b y  S i r  T hom as W a r d le  i n  1 8 9 3 . T h is  f i l l  a n d  d ra w  
s y s te m  w a s  i n i t i a l l y  d e v is e d  t o  w o r k  t o g e t h e r  w i t h  c h e m ic a l  
p r e c i p i t a t i o n  t o  p u r i f y  t h e  w a s t e w a t e r .  H o w e v e r  t h e  f i l l  a n d  
d r a w  s y s te m  p r o d u c e d  a c c e p t a b le  q u a l i t y  d i s c h a r g e  w i t h o u t  t h e  
a d d i t i o n  o f  c h e m ic a ls .  T h e  r e a s o n  f o r  t h i s  w a s  u n k n o w n . T h e  
r e s u l t a n t  p u r i f i c a t i o n  w as a t t r i b u t e d  t o  t h e  s u r f a c e  c o n t a c t
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p h e n o m e n o n  b e tw e e n  t h e  a i r  b u b b le  a n d  t h e  i m p u r i t i e s .  T h e  
r o l e  o f  b a c t e r i a  i n  t h e  u t i l i s a t i o n  o f  o r g a n ic  i m p u r i t i e s  w as  
n o t  k n o w n  u n t i l  m uch  l a t e r .  A l l  t h e  e x p e r im e n t s  w e re  c a r r i e d  
o u t  i n  f i l l  a n d  d ra w  m o d e . No a t t e m p t  w as m ade t o  d e v e lo p  a 
s e q u e n c e  sch e m e  t o  t r e a t  a  c o n t in u o u s  f l o w  o f  w a s t e w a t e r .  T h e  
o p e r a t i o n  w a s  c a r r i e d  o u t  m a n u a l l y .  T h is  o b v i o u s l y  p o s e d  a 
l o t  o f  p r o b le m s  i n  t h e  m o n i t o r i n g  o p e r a t i o n s  a n d  m a in te n a n c e .
M o re  i n - d e p t h  i n v e s t i g a t i o n s  w e re  c a r r i e d  o u t  b y  A r d e n  a n d  
L o c k e t t  ( 1 9 1 4 ,  1 9 1 5 )  i n v o l v i n g  t h e  fa m o u s  M a n c h e s te r
E x p e r im e n t s .  I n  t h e i r  s t u d i e s  r a w  se w a g e  w as a e r a t e d  i n  8 0 -  
o u n c e  b o t t l e s  u n t i l  n i t r i f i c a t i o n  w as c o m p le te d .  T h e n  t h e  
a i r  w a s  s h u t  o f f .  T h e  s o l i d s  w e re  a l lo w e d  t o  s e t t l e  a n d  t h e  
s u p e r n a t a n t  w a s  d e c a n te d .  T h e  b o t t l e s  w e re  a g a in  f i l l e d  a n d  
t h e  c y c l e  w as  r e p e a t e d .  I t  w as fo u n d  t h a t  t h e  t im e  r e q u i r e d  
f o r  e a c h  s u c c e s s iv e  o x i d a t i o n  g r a d u a l l y  d e c r e a s e d  w i t h  
i n c r e a s i n g  a m o u n ts  o f  s e t t l e d  m a t t e r  r e t a i n e d  i n  t h e  b o t t l e s .  
A t  t h i s  p o i n t  t h e y  c o in e d  t h e  p h r a s e  " a c t i v a t e d  s lu d g e "  f o r  
t h e  s e t t l e d  m a t t e r .  F u r t h e r  e x p e r im e n t s  w e re  c a r r i e d  o u t  t o  
s t u d y  t h e  c o u r s e  o f  t h e  o x i d a t i o n  r e a c t i o n ,  m a in te n a n c e  o f  
t h e  s lu d g e  a c t i v i t y ,  a n d  t h e  e f f e c t  o f  t e m p e r a t u r e  a n d  s e w a g e  
t y p e  v a r i a t i o n s  o n  t h e  p e r fo r m a n c e  o f  t h e  s y s te m .  A  su m m a ry  
o f  t h e i r  e x p e r im e n t s  i s  b e s t  e x p r e s s e d  b y  t h e  c o n c lu s io n s  
d r a w n :
i )  " . . . a c t i v a t e d  s lu d g e  h a s  t h e  p r o p e r t y  o f  e n o r m o u s ly  
i n c r e a s i n g  t h e  p u r i f i c a t i o n  e f f e c t e d  b y  s im p le  
a e r a t i o n . , . "
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i i )  "  T h e  e x t e n t  o f  t h e  a c c e l e r a t i n g  e f f e c t  d e p e n d s  u p o n  
t h e  i n t i m a t e  m a n n e r  i n  w h ic h  t h e  a e r a t e d  s lu d g e  i s  
b r o u g h t  i n t o  c o n t a c t  w i t h ,  a n d  u p o n  i t s  p r o p o r t i o n  
t o ,  t h e  se w a g e  t r e a t e d . "
i i i )  "  T h a t  i n  o r d e r  t o  m a in t a i n  t h e  s lu d g e  a t  i t s  h i g h e s t  
e f f i c i e n c y  t h e r e  s h o u ld  n o t  b e  a t  a n y  t im e  a n  
a c c u m u la t io n  o f  u n o x id i z e d  s e w a g e  s o l i d s . "
i v )  " . .  t h e  p u r i f i c a t i o n  i s  s e r i o u s l y  d im in i s h e d  a t  a
t e m p e r a t u r e  c o n s t a n t l y  b e lo w  1 0 ° C . . . "
v )  " . . A  w e l l  o x i d i z e d  e f f l u e n t  c a n  b e  o b t a in e d  . b y
a e r a t i o n  o f  a v e r a g e  s t r e n g t h  M a n c h e s te r  se w a g e  i n  
c o n t a c t  w i t h  a c t i v a t e d  s lu d g e  f o r  a p e r i o d  o f  s i x  t o  
n i n e - h o u r s . . . "
W h i le  t h e s e  e x p e r im e n t s  w e re  c o n f i n e d  t o  l a b o r a t o r y  s c a l e ,  
t h e y  fo r m e d  t h e  b a s is  f o r  f u l l  s c a le  i n v e s t i g a t i o n s  w h ic h  
s o o n  f o l l o w e d .
T h e  f i r s t  f u l l  s c a le  im p le m e n t a t io n  o f  t h e s e  e x p e r im e n t s  w a s  
c o n d u c te d  b y  M e l t i n g  ( M e l t i n g ,  1 9 1 4 )  a lo n g  t h e  l i n e  o f  t h e  
M a n c h e s te r  e x p e r im e n t s  b y  c o n v e r t i n g  t h e  e x i s t i n g  r o u g h in g  
f i l t e r  a t  S a l f o r d  , E n g la n d  i n t o  a c t i v a t e d  r e a c t o r s .  A i r  w as 
s u p p l i e d  t h r o u g h  p e r f o r a t e d  a i r  p ip e s  a t  t h e  b o t t o m  o f  t h e  
r e a c t o r s .  T h e  r e a c t o r s  w e re  o p e r a t e d  o n  t h e  f o l l o w i n g  c y c l e :
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F i l l i n g  t im e 0 .75  hour
A e r a t i o n  t im e 3 . 0  h o u r s
S e t t l i n g  t im e 2 . 0  h o u r
D e c a n t in g  t im e  : 1 .0  h o u r
I d l i n g  t im e 0 .2 5  h o u r
T h e  r e s u l t s  o b t a in e d  w e re  c o m p a r a b le  t o  t h o s e  o b t a in e d  f r o m  
t h e  c o n t in u o u s  f l o w  a c t i v a t e d  s lu d g e  p l a n t  o p e r a t i n g  i n  
p a r a l l e l .
T h e  s u c c e s s f u l  o p e r a t i o n  o f  t h e  a b o v e  f i l l  a n d  d ra w  s y s te m  
h a s  l e d  t o  t h e  c o n s t r u c t i o n  o f  s i m i l a r  p l a n t s  e ls e w h e r e  
t r e a t i n g  t r a d e  w a s te s  ( H a w o r th ,  1 9 1 6 ; H a t t o n ,  1 9 1 6 ; 
M a k e p e a c e ,  1 9 2 1 ;  K e s s e n g e r ,  1 9 2 4 ) .  D i f f e r e n t  o p e r a t i o n  in o d e s  
a n d  a e r a t i o n  s y s te m s  w e re  a l s o  d e v e lo p e d .  A l l  t h e  s t u d i e s  
p r o d u c e d  e n c o u r a g in g  r e s u l t s .  I t  w as c o n c lu d e d  t h a t  g o o d  
t r e a t m e n t  c o u ld  b e  o b t a in e d  u s in g  f i l l  a n d  d ra w  s y s te m  
w i t h o u t  t h e  d e v e lo p m e n t  o f  o f f e n s i v e  o d o r s .  H o w e v e r ,  w i t h o u t  
t h e  a v a i l a b i l i t y  o f  s o p h i s t i c a t e d  c o n t r o l / t i m i n g  d e v i c e s ,  t h e  
c y c l i c  o p e r a t i o n s  o f  s u c h  p l a n t s  w as d i f f i c u l t .  T h e r e f o r e  i t  
w a s  n o t  s u r p r i s i n g  t o  n o t e  t h a t  m o s t ,  i f  n o t  a l l  o f  t h e  f i l l  
a n d  d r a w  s y s te m s  w e re  c o n v e r t e d  t o  c o n t in u o u s  f l o w  a c t i v a t e d  
s lu d g e  o p e r a t i o n  i n  m id  1 9 2 0 .  T h e  m a in  r e a s o n s  w e re  ( i )  
i n c r e a s e d  o p e r a t i o n  a t t e n t i o n  a n d  ( i i )  i n c r e a s e d  p o s s i b i l i t y  
o f  d i f f u s e r  c h o k in g  b y  t h e  c o n s t a n t  p e r i o d i c a l  s e t t l e m e n t  o f  
s lu d g e  ( A r d e r n ,  1 9 2 7 )  w h ic h  w o u ld  c a u s e  " s lu d g e  b u l k i n g "  w h e n  
t h e  s y s te m  w a s  u n d e r - a e r a t i o n  ( K e s s e n e r ,  1 9 2 4 ) .  T h u s  t h e
B
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t e c h n i c a l  s u p e r i o r i t y  o f  t h e  f i l l  a n d  d ra w  p r o c e s s  w as 
o v e r t a k e n  b y  t h e  p r a c t i c a l  a d v a n ta g e s  o f  t h e  c o n t in u o u s  
s y s te m .
N o f u r t h e r  d e v e lo p m e n t  w as  r e p o r t e d  u n t i l  t h e  l a t e  f i f t i e s  
w h e n  P a s v e e r  ( 1 9 5 9 ,  1 9 6 0 ,  1 9 6 1 )  d e s c r ib e d  a c lo s e d  lo o p
s h a l l o w  d i t c h  i n  w h ic h  a l l  t h e  u n i t  p r o c e s s e s  o f  a  c o n t in u o u s  
a c t i v a t e d  s lu d g e  s y s te m  m ig h t  b e  c o n t a in e d .  I n f l o w ,  a e r a t i o n ,  
s e t t l e m e n t  a n d  d i s c h a r g e  w e re  a l l  a c c o m p l is h e d  i n  a s i n g l e  
r e a c t o r  a c c o r d in g  t o  a  s p e c i f i e d  c y c l e .  I t  w as p r o v e n  a c o s t  
-  e f f e c t i v e  s y s te m  f o r  t r e a t i n g  d o m e s t ic  s e w a g e , w a s te s  f r o m  
d a i r i e s  a n d  o t h e r  i n d u s t r i e s  w a s te w a te r  c o n t a i n i n g  p h e n o ls  
a n d  c y a n id e s .  W i t h  t h e  a d v e n t  o f  l e s s  e x p e n s iv e  
m ic r o p r o c e s s o r  c o n t r o l  s y s te m ,  t h e  o p e r a t i o n  o f  t h e  b a t c h  
s y s te m  h a s  b e co m e  v e r y  e a s y .  T h e  s y s te m  h a s  t h u s  g a in e d  m uch  
a t t e n t i o n  a n d  w as w i d e l y  a d o p te d  i n  E u ro p e  a n d  A u s t r a l i a  i n  
t h e  1 9 6 0 s  a n d  l a t e r  i n  J a p a n .
D e n n is  a n d  I r v i n e  ( 1 9 7 5 )  h a v e  d e m o n s t r a te d  i n  t h e  l a b o r a t o r y  
t h a t  i n  t h e  t r e a t m e n t  o f  h i g h  s t r e n g t h  w a s t e w a t e r ,  t h e  
s e m i - b a t c h  b i o l o g i c a l  r e a c t o r  w as v i r t u a l l y  w i t h o u t  e q u a l  a s  
f a r  a s  s o l u b l e  ( o r g a n i c )  s u b s t r a t e  r e m o v a l  w as c o n c e r n e d .  
S in c e  b a t c h  s y s te m s  a r e  i n h e r e n t l y  n o n  -  s t e a d y  s t a t e  
s y s te m s ,  t h e y  a r e  a b le  t o  c o p e  m o re  e a s i l y  w i t h  f l u c t u a t i o n s  
i n  f e e d  s t r e n g t h  a n d / o r  f l o w  -  r a t e  t h a n  c o n t in u o u s  -  f l o w  
s y s t e m s .
T h e  d i s t i n g u i s h i n g  f e a t u r e  o f  t h i s  p r o c e s s  i s  t h e
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d i s c o n t i n u o u s  ( p e r i o d i c )  n a t u r e  o f  o p e r a t i o n .  T h is  f e a t u r e  
g i v e s  SBR f l e x i b i l i t y  a n d  c o n t r o l  m a k in g  i t  e s p e c i a l l y  s u i t e d  
f o r  t r e a t m e n t  o f  w a s te s  t h a t  a r e  h i g h l y  v a r i a b l e  i n  q u a n t i t y  
a n d / o r  q u a l i t y  a n d  f o r  s y s te m s  r e q u i r i n g  c lo s e  c o n t r o l  o f  
p r o d u c t  q u a l i t y .
A n  SBR s y s te m  m ay b e  c o m p o s e d  o f  o n e  o r  m o re  r e a c t o r  t a n k s .  
E a c h  t a n k  i n  t h e  SBR s y s te m  i s  f i l l e d  d u r i n g  a  p e r i o d  o f  t im e  
a n d  t h e n  o p e r a t e d  i n  a b a t c h  t r e a t m e n t  m o d e . A f t e r  t r e a t m e n t  
t h e  m ix e d  l i q u o r  i s  a l lo w e d  t o  s e t t l e  a n d  t h e  c l a r i f i e d  
s u p e r n a t a n t  i s  d ra w n  o r  d i s c h a r g e d  f r o m  t h e  t a n k .  T h e  c y c l e  
i s  t h e n  r e p e a t e d .  E a c h  t a n k  i n  t h e  t r e a t m e n t  s y s te m  h a s  
b a s i c a l l y  f i v e  o p e r a t i n g  m odes  o r  p e r i o d s ,  e a c h  o f  w h ic h  i s  
n a m e d  a c c o r d in g  t o  t h e  f u n c t i o n s  p e r f o r m e d  : F I L L ,  REACT,
S E T T L E , DECANT a n d  ID L E .  F IL L  ( t h e  r e c e i v i n g  o f  t h e  ra w  
w a s te )  a n d  d ra w  ( t h e  d i s c h a r g e  o f  t r e a t e d  e f f l u e n t )  m u s t  
o c c u r  i n  e a c h  c o m p le te  c y c l e  f o r  a g iv e n  t a n k .  REACT ( t h e  
t im e  t o  c o m p le te  t h e  d e s i r e d  r e a c t i o n s ) ,  SETTLE ( t h e  t im e  t o  
s e p a r a t e  t h e  o r g a n is m s  f r o m  t h e  t r e a t e d  e f f l u e n t ) ,  a n d  ID L E  
( t h e  t im e  a f t e r  d i s c h a r g i n g  th e .  t a n k  a n d  b e f o r e  r e f i l l i n g )  
c a n  b e  e l i m i n a t e d  d e p e n d in g  o n  r e q u i r e m e n t s  o f  t h e  t r e a t m e n t  
p r o b le m .  T h e  t im e  f o r  a c o m p le te  c y c l e  i s  t h e  t o t a l  t im e  
b e tw e e n  b e g in n in g  o f  F IL L  t o  e n d  o f  ID L E  i n  a  s i n g l e - t a n k  
s y s te m .  T h e  d e s i r e d  e f f l u e n t  q u a l i t y  c a n  b e  o b t a in e d  t h r o u g h  
p r o p e r  c o n t r o l  o f  t h e  d e g r e e  o f  m ix i n g ,  t h e  r a t e  o f  o r g a n is m  
w a s t i n g ,  t h e  a m o u n t o f  a i r  i n t r o d u c e d  i n t o  t h e  r e a c t o r ,  a n d  
t h e  l e n g t h  o f  e a c h  o f  t h e  o p e r a t i n g  c y c l e s .  O r g a n is m s  r e m a in
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i n  t h e  r e a c t o r  u n t i l  w a s t in g  i s  n e c e s s a r y .  P lu g  o r  c o m p le t e l y  
m ix e d  f l o w  r e g im e s  c a n  b e  a p p r o x im a te d  b y  c o n t r o l l i n g  t h e  
l e n g t h  o f  t h e  F I L L  p e r i o d .  S u b s t r a t e  c o n c e n t r a t i o n  a n d  
s lu d g e  c h a r a c t e r i s t i c s  a r e  c o n t r o l l e d  t h r o u g h  a d j u s t i n g  t h e  
l e n g t h  o f  F I L L  a n d  REACT c y c l e s .  C o m p le te  r e m o v a l  o f  
b io d e g r a d a b le  p o l l u t a n t s  c a n  b e  r e a l i s e d  b y  h o l d i n g  t h e  
r e a c t a n t s  a s  lo n g  a s  n e c e s s a r y  p r i o r  t o  e f f l u e n t  d i s c h a r g e .
F ro m  1 9 7 6  o n w a r d s ,  a n u m b e r  o f  s t u d i e s  w e re  m ade b y  I r v i n e  
a n d  h i s  r e s e a r c h  g r o u p  ( I r v i n e  e t  a l .  1 9 7 7 ;  I r v i n e  a n d  
R i c h t e r ,  1 9 7 8 ;  I r v i n e  a n d  B u s c h ,  1 9 7 9 ; I r v i n e  a t  a l .  1 9 7 9 ;  
I r v i n e  e t  a l .  1 9 8 0 ;  1 9 8 2 ;  1 9 8 3 ;  I r v i n e  a n d  K e tc h u m , 1 9 8 3 ;
I r v i n e ,  1 9 8 5 ) .  T h e s e  s t u d i e s  w e re  d i r e c t e d  a t  i n v e s t i g a t i n g  
t h e  u s e  o f  b a t c h  s y s te m s  a s  a l t e r n a t i v e s  t o  c o n v e n t i o n a l  
c o n t i n u o u s  f l o w  t r e a t m e n t .  I n  f a c t ,  b y  p r o p e r l y  d e s ig n in g  
t a n k  v o lu m e s  a n d  a e r a t i o n  p o l i c i e s ,  a  d i s c o n t i n u o u s  s y s te m  
w i t h  s h o r t  -  d u r a t i o n  d i s c o n t i n u i t i e s  ( l i t t l e  -  a n d  -  o f t e n )  
a p p r o x im a t e s  t o  a  c o n t in u o u s  s y s te m .
T h e  d u r a t i o n  o f  a e r a t i o n  d e p e n d s  o n  t h e  t r e a t m e n t  o b j e c t i v e s .  
I t  c a n  b e  c o n t in u o u s  f o r  h ig h  o x y g e n  d e m a n d in g  w a s t e w a t e r ;  
i n t e r m i t t e n t  t o  c r e a t e  a e r o b i c - a n a e r o b i c - a e r o b i c  c o n d i t i o n s ;  
o r  i t  c a n  b e  s u f f i c i e n t  f o r  t h e  s lo w e s t  o x i d a t i v e  r e a c t i o n  
e . g  a m m o n ia - n i t r o g e n  o x i d a t i o n ,  e t c .
A c c o r d in g  t o  I r v i n e  ( c i t e d  i n  H o e p k e r  a n d  S c h r o e d e r ,  1 9 7 9 )
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t h e  i n i t i a l  p e r i o d  o f  F IL L  c a n  b e  o p e r a t e d  a n a e r o b i c a l l y .  T h e  
b e n e f i t s  o f  a n a e r o b ic  o p e r a t i o n  i n c l u d e s  l o w e r in g  o f  m ax im um  
v o l u m e t r i c  o x y g e n  u p ta k e  r a t e s  a n d  s u p p r e s s io n  o f  f i l a m e n t o u s  
g r o w t h  w h ic h  c a u s e s  s lu d g e  b u l k i n g .  T h is  i s  a t t r i b u t e d  t o  t h e  
a n a e r o b io s i s  a n d  t h e  h i g h e r  o r g a n ic  c o n c e n t r a t i o n s  w h e n  
a e r a t i o n  s t a r t s .  M ix in g  i s  d e s i r a b l e  d u r i n g  t h e  a n a e r o b ic  
f i l l  b e c a u s e  i t  w i l l  e n h a n c e  p a r t i a l  c o n v e r s io n  o f  t h e  w a s te  
o r g a n i c s ,  i n c l u d i n g  r e le a s e  o f  o r g a n i c a l l y  b o u n d  n i t r o g e n .  I t  
w a s  f o u n d  a l s o  t h a t  a n  a n a e r o b ic  p e r i o d  d u r i n g  t h e  F IL L  
p o r t i o n  o f  t h e  c y c l e  im p r o v e d  e f f l u e n t  q u a l i t y .  T h is  i s  
p r o b a b l y  d u e  t o  t h e  im p r o v e d  s lu d g e  c o m p a c t i b i l i t y .
B a t c h  o p e r a t i o n  o f  a c t i v a t e d  s lu d g e  s y s te m s  h a s  b e e n  
d e m o n s t r a t e d  t o  b e  a  v i a b l e  p r o c e s s  o p t i o n  t h r o u g h  t h e  w o r k  
o f  G o r o n s z y  ( 1 9 7 9 )  a n d  I r v i n e  e t  a l . ( 1 9 7 7 ) .  S y s te m s  t r e a t i n g
a  w id e  r a n g e  o f  f l o w  a n d / o r  o r g a n i c  l o a d in g  a n d  s y s te m s  t h a t  
r e q u i r e  e x t r e m e ly  c l o s e  c o n t r o l  o f  e f f l u e n t  q u a l i t y  a r e  
p a r t i c u l a r l y  s u i t e d  f o r  b a t c h  o p e r a t i o n  o f  a c t i v a t e d  s lu d g e .  
I n  t h e  l a t t e r  c a s e ,  i t  i s  a d v a n ta g e o u s  t o  u s e  b a t c h  o p e r a t i o n  
b e c a u s e  e f f l u e n t  d o e s  n o t  le a v e  t h e  s y s te m  u n t i l  t h e  
c o n v e r s io n  p r o c e s s  i s  c o m p le t e d .
SBR s y s te m  h a s  a l s o  b e e n  u s e d  t o  t r e a t  h i g h l y  p o l l u t i n g  
l i v e  s t o c k  w a s t e w a t e r s .  I n  a  l a b o r a t o r y  s c a le  s t u d y ,  Ng 
( 1 9 8 7 )  h a s  r e p o r t e d  s a t i s f a c t o r y  BOD a n d  COD r e m o v a l  
e f f i c i e n c y  u s in g  d i l u t e d  a n d  a n a e r o b i c a l l y  d i g e s t e d  
p i g g e r y  w a s t e w a t e r ,  W ong e t  a l .  ( 1 9 9 0 )  h a s  s u c c e s s f u l l y
t
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c o n v e r t e d  a  c o n v e n t i o n a l  a e r a t e d  la g o o n  t r e a t i n g  p ig g e r y  
w a s te  t o  SBR s y s te m .  W i t h  a BOD lo a d in g  o f  3 1 2  g /m 3  p e r  d a y ,  
m o re  t h a n  99% BOD r e m o v a l  e f f i c i e n c y  w as o b t a in e d .  T h e  SBR 
s y s te m  r e q u i r e s  l o n g e r  HRT, a b o u t  9 d a y s  i n  t h i s  c a s e ,  a n d  
r e q u i r e s  a r e l a t i v e l y  l a r g e  e n e r g y  s u p p ly  ( a e r a t i o n  e n e r g y ) .  
H o w e v e r ,  t h e  s m a l l  la n d  a r e a  r e q u i r e m e n t ,  t h e  s im p le  
o p e r a t i n g  p r o c e d u r e  a n d  t h e  r e l i a b l e  a n d  h ig h  t r e a t m e n t -  
e f f i c i e n c y  m ake  t h i s  p r o c e s s  a n  a t t r a c t i v e  o p t i o n  f o r  t h e  
t r e a t m e n t  o f  l i v e s t o c k  w a s te s  w h e n  a  c o n s i s t e n t l y  h i g h -  
q u a l i t y  e f f l u e n t  i s  r e q u i r e d .
2 . 3  S e q u e n c in g  B a tc h  R e a c t o r  A s T e r t i a r y  T r e a tm e n t  S y s te m
T e r t i a r y  t r e a t m e n t  d e n o te s  t h e  u s e  o f  som e a d d i t i o n a l  p r o c e s s  
t o  re m o v e  a  c o n t a m in a n t  o f  i n t e r e s t  w h ic h  d e f i e d  r e m o v a l  v i a  
p r i m a r y  a n d  s e c o n d a r y  s y s te m s .  I n  m any i n s t a n c e s ,  n i t r o g e n  i s  
t h e  t a r g e t  c o n t a m in a n t .  N i t r o g e n o u s  c o m p le x e s  a r e  b r o k e n  dow n  
a n d  c o n v e r t e d  i n t o  a m m o n ia c a l n i t r o g e n ,  n i t r i t e s  a n d  n i t r a t e s  
b y  t h e  p r im a r y  a n d  s e c o n d a r y  t r e a t m e n t  p l a n t s .  T h e  d i s c h a r g e  
o f  s u c h  n i t r o g e n  c o m p o u n d s  c a n  c a u s e  s i g n i f i c a n t  p r o b le m s .  
T h e y  a l s o  e x e r t  a N i t r o g e n o u s  O x y g e n  Dem and (N O D ). T h e  
o x i d i s e d  n i t r o g e n ,  e s p e c i a l l y  t h e  n i t r a t e s  c a n  a f f e c t  f u t u r e  
p o r t a b l e  u s e s  o f  t h e  r e c e i v i n g  w a t e r  b o d y  d u e  t o  t h e  p r o b le m  
o f  m e th e m o g lo b in e m a .  I n  a d d i t i o n ,  n i t r o g e n  m ay s t i m u l a t e  t h e  
g r o w t h  o f  a lg a e  i n  w a t e r  b o d ie s .
K e tc h u m  a n d  L ia o  ( 1 9 7 9 )  u s in g  j a r - t e s t  p r o c e d u r e s  t o  e v a lu a t e  
t h e  e f f e c t i v e n e s s  o f  SBR i n  p h o s p h o r u s  r e m o v a l  ( f r o m
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s y n t h e t i c  w a s t e w a t e r )  h a v e  c o n c lu d e d  t h a t  s i g n i f i c a n t  s a v in g s  
i n  c o s t s  f o r  c h e m ic a ls  a p p e a r  l i k e l y  w h e n  o p e r a t i n g  a 
t e r t i a r y  p h o s p h o r u s  r e d u c t i o n  s y s te m  i n  t h e  s e q u e n c in g  b a t c h  
m ode  o f  o p e r a t i o n  u s in g  f e r r i c  c h l o r i d e .  I t  a l s o  seem s l i k e l y  
t h a t  p o ly m e r  a d d i t i o n s  n e c e s s i t y  m ay b e  e l i m i n a t e d  w h e n  SBR 
o p e r a t e s  w i t h  q u ie s c e n t  o r  c a r e f u l l y  c o n t r o l l e d  s t i r r i n g  
d u r i n g  s e t t l i n g .  T h e s e  r e d u c e d  c h e m ic a l  a d d i t i o n s  w i l l  
c e r t a i n l y  b e  a c c o m p a n ie d  b y  lo w e r  s lu d g e  p r o d u c t i o n .  T h e i r  
l a b o r a t o r y  s t u d i e s  a l s o  i n d i c a t e d  t h a t  b e c a u s e  o f  t h e  
q u i e s c e n t  a n d  c o n t r o l l e d  s e t t l i n g ,  t h e  t a n k s  r e q u i r e d  f o r  t h e  
SBR t r e a t m e n t  w o u ld  b e  s m a l l e r  t h a n  t h a t  o f  t h e  a c t i v a t e d  
s lu d g e  s y s te m  r e s u l t i n g  i n  s t i l l  g r e a t e r  o v e r a l l  c o s t  s a v in g .  
H o w e v e r  t h e  l a b o u r  a n d  o t h e r  o p e r a t i n g  c o s t s  w o u ld  r e m a in  
a b o u t  t h e  sa m e .
T h e  r e m o v a l  o f  n i t r o g e n  i n  w a s te w a te r  h a s  b e e n  s u c c e s s f u l l y  
r e p o r t e d  b y  A l le m a n  a n d  I r v i n e  (1 9 8 0 )  u s in g  SBR p r o c e s s .  B y  
i n c o r p o r a t i n g  t h e  n i t r i f i c a t i o n  ( a e r o b i c )  a n d  d e n i t r i f i c a t i o n  
( a n o x i c )  p r o c e s s e s  i n  t h e  s i n g l e  r e a c t o r  s y s te m ,  SBR o f f e r s  
c o n s i d e r a b le  e c o n o m ic  a d v a n ta g e s  a n d  t h e r e f o r e  h a s  r e c e i v e d  
t h e  m o s t  a t t e n t i o n .
T h e  SBR h a s  n ow  b e e n  sh o w n  i n  f u l l  s c a le  o p e r a t i o n  t o  b e  
c a p a b le  o f  a c h i e v i n g  BOD, SS a n d  n i t r o g e n  r e m o v a l  ( I r v i n e  e t  
a l . ,  1 9 8 3 ) ,  b i o l o g i c a l  p h o s p h o r u s  r e m o v a l  (K e tc h u m  a n d  L i a o ,
1 9 7 9 )  a n d  t h e  t r e a t m e n t  o f  h a z a r d o u s  w a s te  ( H e r z b r u n  e t  a l . ,  
1 9 8 4 ) .  E f f l u e n t  l i m i t s  o f  10 m g / l  BOD a n d  SS w e re  e a s i l y
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\a t t a i n a b l e  a n d  b i o l o g i c a l  p h o s p h o r u s  r e m o v a l  w as r e a d i l y  
a c h ie v e d .
I r v i n e  e t  a l . (1 9  8 5 )  h a v e  d e m o n s t r a te d  b y  o p e r a t i n g  tw o  SBRs
i n  p a r a l l e l  t r e a t i n g  d o m e s t ic  se w a g e  a t  d i f f e r e n t  o r g a n i c  
l o a d in g s  a n d  s lu d g e  a g e s  t h a t  t h e  e f f l u e n t  q u a l i t y  f r o m  b o t h  
SBRs w e re  e x c e l l e n t .  S l i g h t l y  b e t t e r  r e s u l t s  w e re  o b t a in e d  
f r o m  t h e  s y s te m  w i t h  lo w e r  l o a d i n g .  T he  m o re  h i g h l y  lo a d e d  
s y s te m  w a s  m o re  d i f f i c u l t  t o  o p e r a t e .  B o th  s y s te m s  a c h ie v e d  a 
h ig h  d e g r e e  o f  b i o l o g i c a l  p h o s p h o r u s  r e m o v a l .  F u r t h e r m o r e  i t  
w a s  r e p o r t e d  t h a t  e n e r g y  u s e  i n  t h e  m o re  h i g h l y  lo a d e d  s y s te m  
w as  a b o u t  30% l e s s  t h a n  t h a t  f o r  t h e  s y s te m  w i t h  lo w e r  
l o a d i n g ,  b a s e d  o n  k i l o g r a m  BOD a p p l i e d .
I n  t h e  sam e y e a r ,  A r o r a  e t  a l . (1 9  8 5 ) h a d  c a r r i e d  o u t  a
t e c h n o lo g y  e v a l u a t i o n  o f  s e q u e n c in g  b a t c h  r e a c t o r s .  T h e y  
v i s i t e d  s e v e r a l  SBR p l a n t s  i n  U SA, C a n a d a  a n d  A u s t r a l i a  a n d  
t h e i r  c o n c lu s io n s  a r e  a s  f o l l o w s :
1 .  A l l  t h e  p l a n t s  v i s i t e d  a r e  p r o d u c in g  e f f l u e n t  o f  
a c c e p t a b le  q u a l i t y  e x c e p t  o n e  w h ic h  i s  e x p e r i e n c in g  
p r o b le m s  w i t h  t h e  d e c a n t e r  m e c h a n is m .
2 .  T h e r e  a r e  n o  w i d e l y  a c c e p te d  o r  w i d e l y  k n o w n  s t a n d a r d s  f o r  
SBR d e s ig n .  C o n s e q u e n t ly ,  t h e r e  w as  a w id e  r a n g e  i n  d e s ig n  
p a r a m e t e r s ,  s u c h  a s  d e t e n t i o n  t im e ,  F /M  r a t i o ,  a n d  
o p e r a t i n g  s t r a t e g i e s  a t  t h e  f a c i l i t i e s  e v a lu a t e d .
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3 .  D i f f e r e n t  w a t e r  q u a l i t y  o b j e c t i v e s  ( c a r b o n ,  n i t r o g e n ,  a n d  
p h o s p h o r u s  r e m o v a ls )  a r e  f r e q u e n t l y  a c h ie v e d  i n  a n  SBR b y  
a p p r o p r i a t e  c h a n g e s  i n  t h e  o p e r a t i n g  s t r a t e g y ;  s u c h  
c h a n g e s  c a n  b e  m ade e a s i l y  b y  m ic r o p r o c e s s o r  s e t t i n g s  a t  
t h e  c o n t r o l  p a n e l .
4 .  SBR s y s te m s  h a v e  s e v e r a l  a d v a n ta g e s  o v e r  c o n t i n u o u s - f l o w  
s y s te m s .  T h e s e  a d v a n ta g e s  i n c l u d e  e q u a l i z a t i o n ,  i d e a l  
s e t t l i n g ,  s im p le  o p e r a t i o n ,  c o m p a c t  l a y o u t ,  a n d  p e r h a p s  
c o s t  s a v in g s  ( c a p i t a l  a n d  0 & M ) .
5 .  A l l  t h e  SBR p l a n t  o p e r a t o r s  r e p o r t e d  t h a t  t h e s e  f a c i l i t i e s  
a r e  e a s i e r  t o  o p e r a t e  t h a n  t h e  c o n v e n t i o n a l  c o n t i n u o u s -  
f l o w  s y s te m s .
I t  h a s  b e e n  d e m o n s t r a te d  b y  I p  e t  a l .  ( 1 9 8 7 )  t h a t  b y  
i n t r o d u c i n g  a l t e r n a t i n g  a e r o b i c  a n d  a n a e r o b ic  c o n d i t i o n s  t o  a 
c o m p le t e l y  m ix e d  a c t i v a t e d ,  s y s te m  (AAA-C M AS) t r e a t i n g  s e w a g e , 
a h i g h e r  q u a l i t y  e f f l u e n t  i s  p r o d u c e d .  I t  c o u ld  a l s o  r e s u l t  
i n  a e r a t i o n  e n e r g y  s a v in g  a n d  s lu d g e  r e d u c t i o n  i n  t h e  o r d e r  
o f  30% a n d  15% r e s p e c t i v e l y .  B e c a u s e  d e n i t r i f i c a t i o n  p r o c e s s  
i s  t a k i n g  p la c e  w i t h i n  t h e  r e a c t o r  u n d e r  c o n t r o l l e d  
c o n d i t i o n s  a n d  n o t  i n  t h e  s e d im e n t a t io n  t a n k  w h e re  d e g r e e  o f  
d e n i t r i f i c a t i o n  c a n n o t  b e  c o n t r o l l e d ,  e f f l u e n t  o f  t h e  s y s te m  
w a s  f o u n d  t o  c o n t a i n  m uch  l e s s  s u s p e n d e d  s o l i d s  a n d  c o l i  
c o u n t s  t h a n  t h a t  o f  t h e  c o n v e n t i o n a l  s y s te m ,  r e s u l t i n g  i n  
f u r t h e r  c o s t  s a v in g  i n  c h l o r i n a t i o n  a n d  i n  b a c k - w a s h in g  o f  
t h e  f i l t e r .
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T h e  p r e s e n t  d a y  s e q u e n c in g  b a t c h  r e a c t o r  (SBR ) p r o c e s s  e m p lo y s  
a 1- 1  o f  t h e  o p e r a t i o n s  i n v o l v e d  i n  a t y p i c a l  c o n t in u o u s  f l o w  
a c t i v a t e d  s lu d g e  p r o c e s s  ( e . g .  b i o l o g i c a l  t r e a t m e n t ,  s o l i d s  
s e p a r a t i o n  a n d  e f f l u e n t  d i s c h a r g e ) .  H o w e v e r  t h e  a c t i v a t e d  
s lu d g e  p r o c e s s  u t i l i s e s  s p a t i a l  v a r i a t i o n s  t o  a c c o m p l is h  
t h e s e  u n i t  o p e r a t i o n s  w h e re a s  t h e  SBR i n c o r p o r a t e s  a l l  t h e s e  
p r o c e s s e s  i n  a t im e  s e q u e n c e  w i t h i n  a s i n g l e  r e a c t o r .  B e c a u s e  
o f  t h i s ,  t h e r e  e x i s t s  a  f l e x i b i l i t y  i n  o p e r a t i n g  p r o c e d u r e  
n o t  a v a i l a b l e  i n  t h e  c o n t in u o u s  a c t i v a t e d  s lu d g e  p r o c e s s .
F i g u r e  2 . 1 .  s h o w s  a  t y p i c a l  o p e r a t i n g  c y c l e  o f  t h e  SBR 
p r o c e s s .  T h e r e  a r e  b a s i c a l l y  f i v e  o p e r a t i o n s  i n  a  t r e a t m e n t  
c y c l e .  T h e  o p e r a t i o n s ,  nam ed a c c o r d in g  t o  t h e  f u n c t i o n  
p e r f o r m e d  a r e  : F I L L ,  REACT, S E T T LE , DECANT a n d  ID L E .  E a c h
c y c l e  b e g in s  w i t h  t h e  F IL L  m o d e . F IL L  r e f e r s  t o  t h e  r e c e i v i n g  
o f  r a w  e f f l u e n t  b y  t h e  r e a c t o r .  T h e  t im e  t a k e n  t o  f i l l  t h e  
r e a c t o r  i s  p r e d e t e r m in e d .  V a r io u s  F IL L  p r o t o c o l s  h a v e  b e e n  
r e p o r t e d  b u t  a n o - m ix ,  a n o x ic  F IL L  i s  re c o m m e n d e d  ( S c h r o e d e r ,  
1 9 8 2 ) .  T h is  m eans  t h a t  f o r  a g r e a t e r  p a r t  o f  F IL L  n e i t h e r  
a e r a t i o n  n o r  m e c h a n ic a l  m ix in g  i s  p r o v id e d .  T h is  seem s t o  
p r o m o te  t h e  h ig h  f e r m e n t a t i o n  r a t e s  w h ic h  a l l o w  f l o c c u l e n t  
b a c t e r i a  t o  o u t - g r o w  t h e  f i l a m e n t o u s  s p e c ie s  a n d  h e n c e  
p r e v e n t  s lu d g e  b u l k i n g  (C h u d o b a  e t  a l . ,  1 9 7 3 a ) .  A e r a t i o n  
s t a r t s  t o  com m ence  t h e  REACT m ode w h e n  t h e  r e a c t o r  i s  f i l l e d
2 . 4  G e n e r a l  D e s c r i p t i o n  Of S e q u e n c in g  B a tc h  P r o c e s s
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Fig. 2.1 : SCHEMATIC REPRESENTATION of SBR Cycle
t o  t h e  d e s ig n e d  l e v e l .  T h e  d u r a t i o n  o f  t h e  a e r a t i o n  i s  
d e p e n d e n t  o n  t h e  d e s i r e d  d e g r e e  o f  t r e a t m e n t .  T h e  r e a c t i o n  
t im e  c a n  b e  p r o lo n g e d  u n t i l  t h e  d e s i r e d  d e g r e e  o f  t r e a t m e n t  
h a s  b e e n  a c h ie v e d .  I t  v a r i e s  a c c o r d in g  t o  t h e  s t r e n g t h  o f  t h e  
r a w  e f f l u e n t .  I f  o n l y  o r g a n i c s  r e m o v a l  i s  d e s i r e d  i t  c a n  b e  
a s  s h o r t  a s  15 m in u t e s .  H o w e v e r ,  l o n g e r  a e r a t i o n  p e r i o d ,  f o u r  
h o u r s  o r  m o re ,  a r e  n o r m a l l y  r e q u i r e d  f o r  lo n g  t e r m  s t a b i l i t y  
o f  t h e  p r o c e s s  a n d  n i t r i f i c a t i o n .  W h e re  d e n i t r i f i c a t i o n  
f o l l o w i n g  n i t r i f i c a t i o n  i s  r e q u i r e d ,  a e r a t i o n  p e r i o d  c o u ld  b e  
i n t e r r u p t e d  t o  in d u c e  a n o x ic  c o n d i t i o n .  A e r a t i o n  i s  s t a r t e d  
a g a in  t o  s t r i p  a w a y  t h e  n i t r o g e n  g a s  b u b b le s .  V ig o r o u s  
a e r a t i o n  i s  a f e a t u r e  o f  t h i s  p e r i o d .  A e r a t i o n  n o t  o n l y  
p r o v i d e s  t h e  r e q u i r e d  a m o u n t o f  o x y g e n  t o  t h e  s y s te m ,  i t  a l s o  
p r o v i d e s  t h e  m ix in g  f o r  t h e  r e a c t o r  c o n t e n t .  SETTLE f o l l o w s  
REAC T. T h e  b io m a s s  w i l l  s e t t l e  u n d e r  q u ie s c e n t  s e d im e n t a t io n  
c o n d i t i o n s .  T h is  i s  u n iq u e  t o  SBR p r o c e s s  w h e re  t h e  b io m a s s  
s e t t l e s  u n d e r  a  t r u l y  q u ie s c e n t  c o n d i t i o n s  i n  c o n t r a s t  t o  t h e  
c l a r i f i e r  i n  t h e  c o n t in u o u s  a c t i v a t e d  s lu d g e  p r o c e s s  w h e re  
q u i e s c e n t  c o n d i t i o n s  a r e  a s s u m e d  i n  d e s ig n  b u t  n o t  a c h ie v e d  
i n  o p e r a t i o n  a s  a  r e s u l t  o f  s e c o n d a r y  c u r r e n t s .  T h e  SETTLE 
t im e  s h o u ld  n o t  b e  t o o  lo n g  o t h e r w is e  t h e  s e t t l e d  s lu d g e  m ay 
b e g in  t o  f l o a t .  U n d e r  s t a b l e  o p e r a t i n g  c o n d i t i o n ,  t h e  s lu d g e  
s h o u ld  s e t t l e  w i t h i n  30 m in u t e s .  N o r m a l l y  o n e  h o u r  SETTLE 
p e r i o d  i s  a l l o w e d .  D u r in g  t h e  DECANT p e r i o d ,  t h e  c l a r i f i e d  
t r e a t e d  e f f l u e n t  i s  d is c h a r g e d .  T h e  d is c h a r g e  p o i n t  i s  
n o r m a l l y  p r e d e t e r m in e d .  One h o u r  i s  u s u a l l y  a l l o w e d  f o r  t h i s
o p e r a t i o n .  ID L E  i s  t h e  t im e  a f t e r  d i s c h a r g i n g  t h e  t r e a t e d  
e f f l u e n t  a n d  b e f o r e  F IL L  s t a r t s .  T h e  ID L E  c a n  b e  v e r y  s h o r t  
o r  c o m p le t e l y  e l i m i n a t e d  d e p e n d in g  o n  t h e  r e q u i r e m e n t .  E x c e s s  
s lu d g e  c a n  b e  w a s te d  d u r i n g  t h e  ID L E  p e r i o d .  S lu d g e  w a s ta g e  
i s  d e t e r m in e d  b y  t h e  n e t  s lu d g e  in c r e a s e  i n  t h e  r e a c t o r .  I n  
i n s t a n c e s  w h e re  o p e r a t i o n  o f  t h e  SBR d o e s  n o t  i n c l u d e  a n  ID L E  
p e r i o d ,  s lu d g e  w a s t in g  m ay b e  a c h ie v e d  a t  t h e  e n d  o f  t h e  
REACT p e r i o d .
2 . 5  C u r r e n t  T r e a tm e n t  T e c h n o lo g y  O f P a lm  O i l  R e f i n e r y  
E f f l u e n t
T h e  c h a r a c t e r i s t i c s  o f  p a lm  o i l  r e f i n e r y  e f f l u e n t  v a r y  
a c c o r d in g  t o  t h e  t y p e  o f  r e f i n e r y  o p e r a t i o n  ( c h e m ic a l  o r  
p h y s i c a l  r e f i n i n g ,  f r a c t i o n a t i o n ,  e t c . ) ,  p r o c e s s  c o n t r o l  a n d  
g o o d  h o u s e - k e e p in g .  I t  i s  h a r d l y  p o s s i b l e  t o  d e r i v e  g e n e r a l  
c h a r a c t e r i s t i c s  f o r  t h e  r a w  e f f l u e n t .  T h e r e f o r e  t h e  c h o ic e  o f  
t r e a t m e n t  w i l l  d e p e n d  v e r y  m uch  o n  t h e  c o m p le x i t y  o f  t h e  r a w  
e f f l u e n t .
H o w e v e r  t h e r e  w as a t r e n d ,  o v e r  t h e  l a s t  d e c a d e ,  t h a t  t h e  
r e f i n e r s  s o u g h t  t o  r e d u c e  e f f l u e n t  a n d  o t h e r  fo r m s  o f  
p o l l u t i o n ,  a m o n g s t o t h e r s  b y  :
i )  c h a n g in g  f r o m  c h e m ic a l  r e f i n i n g  t o  p h y s i c a l  r e f i n i n g ,
i i )  a u t o m a t io n  a n d  s t r i c t  p r o c e s s  c o n t r o l  t o  p r e v e n t  
s p i l l a g e s  a n d  p r o d u c t  l o s s e s ,
i i i )  i n s t a l l a t i o n  o f  new  e q u ip m e n t  t h a t  i s  b a s e d  o n  lo w
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I n  E u r o p e  a n d  U n i t e d  S t a t e s  o f  A m e r ic a ,  t h e r e  a r e  tw o  b a s ic  
w a y s  o f  p r o v i d i n g  w a s t e w a t e r  t r e a t m e n t  f a c i l i t i e s  f o r  t h e  
e d i b l e  o i l  r e f i n i n g  i n d u s t r y .  One w a y  i s  f o r  t h e  i n d u s t r y  t o  
c o n s t r u c t  t r e a t m e n t  s y s te m  a t  t h e  m a n u f a c t u r in g  p l a n t  s i t e  t o  
t r e a t  i t s  w a s t e w a t e r  t o  a n  a c c e p t a b le  l e v e l  f o r  d i s c h a r g e  
d i r e c t l y  t o  r i v e r s  o r  o t h e r  p u b l i c  w a t e r s .  T h e  s e c o n d  i s  t o  
d i s c h a r g e  t h e  u n t r e a t e d  o r  p a r t i a l l y  t r e a t e d  w a s te w a te r s  t o  
t h e  s e w e rs  o f  a l o c a l  g o v e r n m e n t  a g e n c y  p r o v i d i n g  w a s te w a te r  
c o n v e y a n c e  a n d  t r e a t m e n t  s e r v i c e s ,  o r  p u b l i c l y  o w n e d  
t r e a t m e n t  w o r k s  ( M c d e r m o t t ,  1 9 7 6 ;  C h o f f e l ,  1 9 7 6 ;  S e n g , 1 9 8 0 ;  
D o n n e l l y ,  1 9 8 9 ) ,  T h e  l a t t e r  p r a c t i c e  i s  g e n e r a l l y  te r m e d  
" j o i n t  t r e a t m e n t " .  T h e  i n d u s t r y  p r a c t i s i n g  j o i n t  t r e a t m e n t  i s  
r e q u i r e d  t o  p r o v id e  c o n t r o l  a n d  p r e t r e a t m e n t  t o  v a r i o u s  
d e g r e e s  i n  o r d e r  t o  u s e  t h e  p u b l i c l y  ow ned  f a c i l i t y .
T h e  m a in  r e a s o n  f o r  s u c h  j o i n t  t r e a t m e n t  p r a c t i c e  i s  t h a t  i t  
c o s t s  l e s s  t h a n  t h e  a l t e r n a t i v e .  T h e  c o s t s  a r e  f a i r l y  s h a r e d  
am ong  t h e  u s e r s  a n d  b e n e f i c i a r i e s  o f  t h e  s y s te m .  A n o t h e r  
a d v a n ta g e  i s  t h e  m in im i s i n g  o f  s p a c e  f o r  t r e a t m e n t .  T h is  
s a v in g  o f  s p a c e  i s  p a r t i c u l a r l y  im p o r t a n t  f o r  c ro w d e d  
i n d u s t r i a l  e s t a t e s .  O b v io u s ly  t h e  j o i n t  t r e a t m e n t  p l a n t  i s  
e x p e c t e d  t o  o p e r a t e  t o  a c h ie v e  b e t t e r  e f f i c i e n c y  b e c a u s e  i t s  
o p e r a t i o n  i s  c a r r i e d  o u t  b y  a s p e c i a l i s e d ,  f u l l - t i m e  a n d  w e l l  
t r a i n e d  s t a f f .  A  s m a l l  i n d i v i d u a l  i n d u s t r i a l  p l a n t  w o u ld  b e  
s u b je c t e d  t o  la p s e s  i n  p l a n t  p e r fo r m a n c e  b e c a u s e  o f  p a r t - t i m e
¥
e n e r g y  and w a t e r  co n su m p t io n .
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a t t e n t i o n  b y  o p e r a t o r s  w i t h o u t  m uch  t r a i n i n g  o r  s p e c i a l i s t  
a t t e n t i o n .  T h e r e f o r e  j o i n t  t r e a t m e n t  i s  t h e  m o s t  e c o n o m ic a l  
a n d  p r a c t i c a l  c h o ic e  u n le s s  s u c h  f a c i l i t y  i s  n o t  a v a i l a b l e .
2 . 5 . 1  T r e a tm e n t  s y s te m s
2 . 5 . 1 . 1  O i l s  a n d  f a t s  r e c o v e r y
T h e  t r e a t m e n t  s y s te m  a d o p te d  o b v i o u s l y  d e p e n d s  u p o n  t h e  l o c a l  
c i r c u m s t a n c e s .  T y p i c a l l y ,  t h e  f i r s t  s ta g e  o f  p r e t r e a t m e n t  i s  
t h e  u s e  o f  p h y s i c a l  p r o c e s s e s  t o  r e c o v e r  f r e e  o i l s  a n d  f a t s .  
T h e  m o s t  c o m m o n ly  u s e d  p h y s i c a l  s e p a r a t i o n  p r o c e s s  f o r  
r e m o v a l  o f  f r e e  o i l s  a n d  f a t s  a r e  f a t  t r a p s ,  t i l t e d  p l a t e  
s e p a r a t o r s  a n d  d i s s o l v e d  a i r  f l o t a t i o n  u n i t s .  I n  a d d i t i o n ,  
c e n t r i f u g e s  a n d  e l e c t r o - f l o t a t i o n  s y s te m s  a r e  o c c a s i o n a l l y  
u s e d  ( D o n n e l l y ,  1 9 8 9 ) .  T h is  i s  a m a t t e r  o f  e c o n o m ic  
c o n s i d e r a t i o n  a n d  i t  i s  b e y o n d  t h e  s c o p e  o f  t h i s  t h e s i s  t o  
d e s c r i b e  t h e  o p e r a t i o n  a n d  e f f i c a c y  o f  e a c h  p r o c e s s .
2 . 5 . 1 . 2  pH  c o n t r o l  a n d  c h e m ic a l  t r e a t m e n t
pH  a d ju s t m e n t  i s  o f t e n  n e c e s s a r y  t o  p r e p a r e  t h e  w a s t e w a t e r  
f o r  s u b s e q u e n t  t r e a t m e n t  p r o c e s s e s  l i k e  c h e m ic a l  t r e a t m e n t  
a n d  b i o l o g i c a l  t r e a t m e n t .  C h e m ic a l  t r e a t m e n t  i n v o l v e s  t h e  u s e  
o f  c h e m ic a ls  l i k e  f e r r i c  c h l o r i d e ,  a lu m in iu m  s u lp h a t e  o r  l im e  
t o  r e d u c e  t h e  t o t a l  f a t t y  m a t t e r  p r i o r  t o  t h e  s e p a r a t i o n  b y  
f l o t a t i o n / s e d i m e n t a t i o n  p r o c e s s .  C h e m ic a l t r e a t m e n t  i s
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u s u a l l y  r e q u i r e d  t o  t r e a t  t h e  w a s te w a te r  f r o m  a  c h e m ic a l  
r e f i n i n g  p r o c e s s .
2 . 5 . 1 . 3  B i o l o g i c a l  t r e a t m e n t  -  a e r o b ic  p r o c e s s
W a s te w a te r  f r o m  e d i b l e  o i l  r e f i n e r y  h a s  b e e n  sh o w n  t o  b e  
a m e n a b le  t o  b i o l o g i c a l  t r e a t m e n t ,  b o t h  a n a e r o b ic  a n d  a e r o b i c  
p r o c e s s  ( C h in  a n d  W ong , 1 9 8 5 ;  C h in  e t  a l . ,  1 9 8 9 ) .  A f t e r  t h e  
p h y s i c a l  a n d  c h e m ic a l  t r e a t m e n t ,  a e r o b ic  b i o l o g i c a l  t r e a t m e n t  
i s  r e q u i r e d  i n  o r d e r  t o  m e e t t h e  s t a n d a r d s  f o r  w a t e r - c o u r s e  
d i s c h a r g e .  T h e  a p p l i c a t i o n  o f  a c t i v a t e d  s lu d g e  p r o c e s s  o r  
a e r a t e d  la g o o n  i n  t h i s  c o n t e x t  i s  now  w e l l  e s t a b l i s h e d  i n  t h e  
e d i b l e  o i l  i n d u s t r y  ( C h o f f e l ,  1 9 7 6 ; M c d e r m o t t ,  1 9 7 6 ; 
D o n n e l l y ,  1 9 8 9 ) .  F ig u r e  2 . 2  sh o w s  t h e  p r o c e s s  f l o w  o f  a 
t y p i c a l  a c t i v a t e d  s lu d g e  p r o c e s s  w i t h  s lu d g e  d e w a t e r in g .
A e r a t e d  la g o o n  t r e a t m e n t  w as  v e r y  p o p u la r  i n  USA ( M c d e r m o t t ,  
1 9 7 6 ) .  T h e  m a in  d is a d v a n t a g e  o f  a e r a t e d  la g o o n  a s  c o m p a re d  t o  
a c t i v a t e d  s lu d g e  p r o c e s s  a s  r e p o r t e d  b y  M c d e r m o t t  w a s  t h a t  i t  
r e q u i r e d  lo n g  r e t e n t i o n  (5  -  20 d a y s ) .  T he  lo n g  r e t e n t i o n  w as 
r e q u i r e d  b e c a u s e  o f  t h e  lo w  MLSS c o n c e n t r a t i o n  i n  t h e  a e r a t e d  
la g o o n .  T h e r e  w as n o  a t t e m p t  t o  r e c y c l e  t h e  MLSS f r o m  t h e  
d i s c h a r g e  t o  t h e  a e r a t e d  la g o o n .  On t h e  o t h e r  h a n d  t h e  MLSS 
i n  t h e  a c t i v a t e d  s lu d g e  p r o c e s s  c o u ld  b e  o p t im is e d  b y  s lu d g e  
r e c y c l i n g  w h ic h  i s  a s t a n d a r d  f e a t u r e  o f  t h e  t r e a tm e n t -  
p r o c e s s .  T h e  MLSS i s  n o r m a l l y  m a in t a in e d  b e tw e e n  2 0 0 0  m g / l  t o  
5 0 0 0  m g / l  d e p e n d in g  o n  t h e  p r o c e s s  r e q u i r e m e n t .  T h u s  t h e  
r e t e n t i o n  t im e  c o u ld  b e  a s  s h o r t  a s  a f r a c t i o n  o f  a d a y .
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IT h e  w a s t e w a t e r  f r o m  a n  e d i b l e  o i l  r e f i n e r y  t e n d s  t o  b e  
d e f i c i e n t  i n  n i t r o g e n  f o r  a e r o b i c  b i o l o g i c a l  t r e a t m e n t .  
N i t r o g e n  h a s  t o  b e  a d d e d  t o  f u l f i l l  t h e  n u t r i e n t  r e q u i r e m e n t .  
I n  g e n e r a l ,  a  r a t i o  o f  B O D :N = 1 0 0 :5  i s  r e q u i r e d  f o r  b i o l o g i c a l  
t r e a t m e n t  p r o c e s s .  P h o s p h o ru s  i s  g e n e r a l l y  p r e s e n t  i n  
a d e q u a te  a m o u n ts  i n  t h e  w a s t e w a t e r .  T h is  i s  b e c a u s e  
p h o s p h o r i c  a c i d  i s  u s e d  i n  t h e  r e f i n i n g  p r e t r e a t m e n t  p r o c e s s .  
A  r a t i o  o f  B O D :P = 1 0 0 :1  i s  r e q u i r e d .
T o t a l  f a t t y  m a t t e r  (TFM ) c o n c e n t r a t i o n s  i n  t h e  r a w  e f f l u e n t  
c a n  le a d  t o  t h e  p o o r  p e r f o r m a n c e  o f  t h e  p r o c e s s .  T h e r e f o r e ,  
c a r e  s h o u ld  b e  t a k e n  t o  e n s u r e  e f f i c i e n t  r e m o v a l  o f  TFM i n  
t h e  p r e t r e a t m e n t  ( p h y s i c a l / c h e m i c a l )  p r o c e s s .  TFM i s  o n e  o f  
t h e  m a in  c o n t r i b u t o r s  t o  BOD.
A n o t h e r  im p o r t a n t  d e s ig n  c r i t e r i a  t h a t  a f f e c t s  t h e  p r o c e s s  
p e r f o r m a n c e  i s  t h e  o r g a n i c  (BOD o r  COD) l o a d in g  r a t e .  
T y p i c a l l y ,  g o o d  t r e a t m e n t  e f f i c i e n c y  c a n  b e  a c h ie v e d  w h e n  t h e  
o r g a n i c  l o a d i n g  r a t e  i s  l e s s  t h a n  0 .1 5  k g  BOD p e r  k g  MLSS p e r  
d a y .  U n d e r  g o o d  m a in te n a n c e  a n d  o p e r a t i o n  c o n d i t i o n s ,  t h e  
d i s c h a r g e  BOD a n d  SS c o n c e n t r a t i o n s  o f  2 0 a n d  30 m g /1  c a n  
r e a d i l y  b e  o b t a in e d  r e s p e c t i v e l y .
2 . 5 . 2  T r e a tm e n t  F a c i l i t i e s  I n  M a la y s ia
A  s u r v e y  c a r r i e d  o u t  b y  C h e a h  a n d  Ma (1 9 8 5 )  s h o w s  t h a t  m o s t  
o f  t h e  p a lm  o i l  r e f i n e r i e s  i n  M a la y s ia  h a v e  c o n s t r u c t e d  t h e
I
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a c t i v a t e d  s lu d g e  t r e a t m e n t  s y s te m  f o r  t h e i r  e f f l u e n t s .  T h o s e  
r e f i n e r i e s  e m p lo y in g  t h e  c h e m ic a l  r e f i n i n g  p r o c e s s e s  h a v e  
b u i l t  a  t r a i n  o f  p r o c e s s e s  c o n s i s t i n g  o f  b a la n c in g  t a n k s  w i t h  
pH a d ju s t m e n t ,  p h y s i c a l  a n d  c h e m ic a l  t r e a t m e n t  ( f l o c c u l a t i o n  
a n d  c o a g u l a t i o n  a s  w e l l  a s  a i r  f l o t a t i o n )  b e f o r e  t h e  
a c t i v a t e d  s lu d g e  p l a n t s .  H o w e v e r  a  g r e a t  n u m b e r  o f  t h e  
t r e a t m e n t  p l a n t s  w e re  n o t  w o r k in g  s a t i s f a c t o r i l y .  T h e  m a in  
p r o b le m s  e n c o u n te r e d  i n  t h e  o p e r a t i o n  o f  a c t i v a t e d  s lu d g e  
p l a n t  a r e  t h e  , h ig h  f l u c t u a t i o n s  o f  t h e  l o a d in g  c o n d i t i o n s  
( b o t h  o r g a n i c  a n d  h y d r a u l i c )  a n d  t h e  r e q u i r e m e n t  o f  c lo s e  
s y s te m  m o n i t o r i n g  a n d  s u p e r v i s i o n  b y  s k i l l e d  o p e r a t o r s .  
T h e s e  p r o b le m s  w e re  c o m p o u n d e d  b y  t h e  f a c t  t h a t  a l l  t h e s e  
t r e a t m e n t  t e c h n o l o g i e s  w e re  a d o p te d  a n d  w e re  d e s ig n e d  u s in g  
e n g i n e e r i n g  d a t a  f r o m  t r e a t m e n t  p l a n t s  f o r  o t h e r  w a s te w a te r  
u n d e r  d i f f e r e n t  o p e r a t i n g  c o n d i t i o n s .  T h u s  t h e  p r o c e s s  
s e ld o m  a c h ie v e d  t h e  e x p e c te d  t r e a t m e n t  e f f i c i e n c y .
T h e r e  h a s  b e e n  v e r y  l i t t l e  p u b l i c a t i o n / i n f o r m a t i o n  o n  t h e  
t r e a t m e n t  o f  p a lm  o i l  r e f i n e r y  e f f l u e n t  i n  M a la y s ia .  O s e n g a  
( 1 9 8 0 )  i n t r o d u c e d  a  t r e a t m e n t  p r o c e s s  c o n s i s t i n g  o f  a C ro s s  
F lo w  I n t e r c e p t o r  ( C F I )  f o r  o i l  d r o p l e t s  s e p a r a t i o n ,  p h y s i c a l  
a n d  c h e m ic a l  t r e a t m e n t  a n d  a i r  f l o t a t i o n  u n i t s  t o  re m o v e  t h e  
f l o e s  f o l l o w e d  b y  a b a t c h  w is e  a c t i v a t e d  s lu d g e  p r o c e s s  f o r  
t h e  l i q u i d  e f f l u e n t  t r e a t m e n t .  T h e  o p e r a t i o n s  w e re  q u i t e  
s i m i l a r  t o  t h a t  o f  SBR p r o c e s s .  T h e  o p e r a t i o n  h a d  a h ig h  
l e v e l  o f  a u t o m a t io n  a n d  d i d  n o t  r e q u i r e  t h e  a t t e n t i o n  o f  a n  
o p e r a t o r .  A l l  s w i t c h i n g  a n d  c o n t r o l  f u n c t i o n s  w e re  i n i t i a t e d
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b y  e i t h e r  l e v e l  c o n t r o l l e r s ,  l i m i t  s w i t c h e s  o r  b y  a d i s s o l v e d  
o x y g e n  c o n t r o l l e r  s e t .  T h u s  t h e  e l e c t r i c a l  p o w e r  c o n s u m p t io n  
h a d  b e e n  r e d u c e d  o p t i m a l l y .
T h e  p e r f o r m a n c e  o f  t h i s  b a t c h  p r o c e s s  w as c o m p a r a b le  w i t h  t h e  
c o n v e n t i o n a l  a c t i v a t e d  s lu d g e  p r o c e s s  w h ic h  m e a n t t h a t  a t  
e a c h  m o m e n t o f  t h e  F IL L  s t a g e ,  t h e  BOD r e m o v a l  e f f i c i e n c y  w as  
m o re  t h a n  70% . I t  w as  a l s o  r e p o r t e d  t h a t  t h e  BOD o f  t h e  m ix e d  
l i q u o r  d u r i n g  F I L L  s t a g e  w o u ld  n e v e r  r i s e  a b o v e  2 0 0  m g / l ,  
in d e p e n d e n t  o f  t h e  BOD o f  t h e  ra w  e f f l u e n t .  A e r a t i o n  c o u ld  b e  
m a in t a in e d  u n t i l  t h e  d e s i r e d  BOD o f  t h e  m ix e d  l i q u o r  h a d  b e e n  
r e a l i s e d .  H o w e v e r  t h e r e  w as n o  m e n t io n  o f  t h e  c y c l e  t im e .
C h in  a n d  W ong (1 9 8 1 )  a t t e m p t e d  t o  t r e a t  p a lm  o i l  r e f i n e r y  
e f f l u e n t  b y  c o n v e n t i o n a l  a c t i v a t e d  s lu d g e  p r o c e s s  t o  l i m i t e d  
s u c c e s s .  H ig h  d o s a g e  o f  f l o c c u l a n t  a n d  c o a g u la n t  w e re  
r e q u i r e d .  T h e  t r e a t e d  e f f l u e n t  w as h i g h l y  c o lo u r e d  w i t h  o v e r  
8 0 0  H a z e n  u n i t s .
G e n e r a l l y  t h e  e n e r g y  d e m a n d  b y  t h e  a c t i v a t e d  s lu d g e  p r o c e s s  
o f t e n  c o n s t i t u t e s  a g r e a t  p o r t i o n  o f  t h e  o p e r a t i o n / t r e a t m e n t  
c o s t .  I t  b e c o m e s  i m p o r t a n t ,  t h e r e f o r e ,  t o  d e v e lo p  m o re  
e c o n o m ic a l  a n d  m o re  c o s t - e f f e c t i v e  m e th o d s  o f  p r o v i d i n g  a 
m o re  c o n s i s t e n t  t r e a t m e n t  e f f i c i e n c y  a n d  d i s c h a r g e  q u a l i t y .
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CHAPTER 3 SEQUENCING BATCH REACTOR TECHNOLOGY
3 . 1  I n t r o d u c t i o n
T h e  g e n e r a l  d e s c r i p t i o n  o f  SBR h a s  b e e n  g iv e n  i n  C h a p te r  2 ,  
S e c t i o n  2 . 4 .  I n  t h i s  c h a p t e r  i t  i s  i n t e n d e d  t o  d e s c r i b e  som e 
o f  t h e  u n iq u e  f e a t u r e s  a n d  c h a r a c t e r i s t i c s  o f  t h e  SBR 
t e c h n o lo g y  a s  c o m p a re d  w i t h  t h e  c o n v e n t i o n a l  a c t i v a t e d  s lu d g e  
p r o c e s s .
3 . 2  P r o c e s s  C h a r a c t e r i s t i c s
G e n e r a l l y ,  w a s t e w a t e r  t r e a t m e n t  p l a n t s  a r e  o v e r  d e s ig n e d  t o  
c a t e r  f o r  t h e  u n p r e d i c t a b l e ,  p e r i o d i c  a n d  f l u c t u a t i o n  i n  
w a s t e w a t e r  f l o w  a n d  s t r e n g t h  o f  t h e  w a s t e w a t e r .  W h i le  a l l  t h e  
d e s ig n s  a r e  b a s e d  o n  s t e a d y - s t a t e  a s s u m p t io n s , t h e  v a r i a t i o n s  
i n  f l o w  a n d  s t r e n g t h  im p o s e  t r a n s i e n t  c o n d i t i o n s  o n  t h e  
t r e a t m e n t  p l a n t .  I n  r e a l i t y  s t e a d y - s t a t e  c a n  n e v e r  b e  
a c h ie v e d .  T h u s  t h e  t r e a t m e n t  p l a n t ' s  p e r f o r m a n c e  i s  
f r e q u e n t l y  a f f e c t e d  b y  t h e  u n s te a d y  -  s t a t e  o p e r a t i o n .  I n  
o r d e r  t o  o v e rc o m e  t h i s  v a r i a t i o n ,  a n  e q u a l i s a t i o n  s y s te m  m ay 
b e  a d d e d .  T h is  m ay r e q u i r e  a v e r y  l a r g e  t a n k  v o lu m e  w h ic h  
w i l l  a d d  t o  t h e  c a p i t a l  c o s t .
SBR s y s te m  i s  n o t  n o r m a l l y  d e s ig n e d  w i t h  a n  e q u a l i s a t i o n  
s y s te m  s in c e  t h e  F I L L  a n d  DECANT o p e r a t i o n  o f  t h e  p r o c e s s  c a n  
e a s i l y  e q u a l i z e  f l o w  v a r i a t i o n s .  T h e  SBR w i l l  a l s o  f e e l  t h e  
v a r i a t i o n s  i n  f l o w  a n d  s t r e n g t h  o f  t h e  w a s t e w a t e r  d u r i n g  t h e  
F I L L  p e r i o d  o n l y ,  w h ic h  i s  a f r a c t i o n  o f  t h e  c y c l e  t i m e .  A t
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t h e  e n d  o f  t h e  F IL L  p e r i o d ,  a  s i n g l e  w a s te  s t r e n g t h  w i l l  b e  
r e a l i s e d .
T h e  SBR a l l o w s  t h e  r e t e n t i o n  o f  w a s te w a te r  u n t i l  t h e  d e s i r e d  
e f f l u e n t  q u a l i t y  i s  a c h ie v e d  u s u a l l y  b y  p r o l o n g in g  t h e  REACT 
p e r i o d .  T h e  s y s te m  a l s o  le n d s  i t s e l f  w e l l  t o  m o d u la r  
c o n s t r u c t i o n  a p p r o a c h e s .  P l a n t  e x p a n s io n  w i l l  b e  r e l a t i v e l y  
s im p le .  A  m u l t i p l e  t a n k  s y s te m  c a n  b e  a d o p te d  a s  t r e a t m e n t  
r e q u i r e m e n t s  v a r y .  O p e r a t io n  a n d  c o n t r o l  s t r a t e g i e s  a r e  
s i m i l a r  t o  t h e  s i n g l e  t a n k  s y s te m .  S u c h  f l e x i b i l i t y  i n  
o p e r a t i o n  i s  a t t a i n a b l e  w i t h o u t  t h e  r i s k  o f  c o m p r o m is in g  
e f f l u e n t  q u a l i t y .
F i n a l  d i s c h a r g e  t u r b i d i t y  i s  a  c r i t i c a l  d e s ig n  a n d  o p e r a t i n g  
c o n s t r a i n t .  T h e  d e s ig n  o b j e c t i v e  i s  t o  c o m b in e  m in im u m  f i n a l  
d i s c h a r g e  SS c o n c e n t r a t i o n  w i t h  m ax im um  s lu d g e  
c o m p a c t a b i l i t y . I t  h a s  b e e n  r e p o r t e d  t h a t  o v e r d e s ig n  o f  t h e  
a c t i v a t e d  s lu d g e  p r o c e s s  a n d  SBR ( t h a t  i s ,  h y d r a u l i c  
r e t e n t i o n  t im e s  i n  e x c e s s  o f  t h a t  r e q u i r e d  f o r  COD r e m o v a l )  
r e s u l t e d  i n  t h e  d e v e lo p m e n t  o f  f i l a m e n t o u s  b a c t e r i a  a n d  p o o r  
s e t t l i n g  c h a r a c t e r i s t i c s  i n  t h e  r e a c t o r  ( B u s c h ,  1 9 8 7 ;  
B r e n n e r  e t  a l . ,  1 9 9 2 ) .  I n  t r e a t i n g  h ig h  s t r e n g t h ,  m ix e d  
p h e n o l  w a s te  i n  a n  SBR, B r e n n e r  e t  a l .  (1 9 9 2 )  m a n a g e d  t o  
o v e rc o m e  t h i s  p r o b le m  b y  i n t r o d u c i n g  a s h o r t  a n o x ic  f i l l  
p e r i o d  o r  i n c r e a s i n g  t h e  o r g a n ic  l o a d .
T h e  a d v a n ta g e  o f  a  b a t c h w is e  o p e r a t i o n  i s  t h u s  o b v io u s .  A f t e r  
t h e  REACT p e r i o d  w h e n  t h e  d e s i r e d  q u a l i t y  o f  t h e  m ix e d  l i q u o r  
i s  a t t a i n e d ,  t h e  s lu d g e  i s  l e f t  t o  s e t t l e  u n d i s t u r b e d  u n d e r
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t r u l y  q u ie s c e n t  c o n d i t i o n .  T h e  p r o b le m s  l i k e  t u r b u l e n c e  a n d  
s h o r t c i r c u i t i n g  a s s o c ia t e d  w i t h  t h e  c o n v e n t i o n a l  c o n t i n u o u s -  
f l o w  c l a r i f i e r s  a r e  e l i m i n a t e d .  T h e  SBR w o u ld  t h e r e f o r e  b e  
a b le  t o  p r o d u c e  a h i g h l y  p u r i f i e d  f i n a l  d i s c h a r g e  w i t h  
m in im u m  S S . A  s e p a r a t e  c l a r i f i e r  i s  n o t  r e q u i r e d .  T h is  i s  a n  
a d d e d  a d v a n ta g e  o f  t h e  SBR p r o c e s s .
3 . 2 . 1  E f f e c t s  o f  F e e d  S t r e n g t h  On S ludcye  S e t t l i n g
U s in g  a  s y n t h e t i c  f e e d  a t  a  24 h o u r  c y c l e  t i m e ,  i t  h a s  b e e n  
d e m o n s t r a t e d  b y  H o e p k e r  a n d  S c h r o e d e r  (1 9 7 9 )  t h a t  t h e  s lu d g e  
c o m p a c tn e s s  a s  m e a s u re d  b y  t h e  S V I ,  im p r o v e d  a s  t h e  f e e d  
s t r e n g t h  ( a n d  l o a d i n g  r a t e )  i n c r e a s e d .  H o w e v e r  t h e  SS o f  t h e  
f i n a l  d i s c h a r g e  a l s o  in c r e a s e d  w i t h  i n c r e a s i n g  f e e d  s t r e n g t h .  
A d d i t i o n  o f  f e e d  o v e r  a  p e r i o d  o f  t im e  r e s u l t e d  i n  b o t h  
g r o w t h  a n d  r e m o v a l  r a t e s  t h a t  w e re  h i g h e r  t h a n  t h o s e  f o u n d  
f o r  s t e a d y - s t a t e  w a s t e w a t e r  t r e a t m e n t  s y s te m s  a l t h o u g h  t h e y  
w o u ld  b e  o f  t h e  sam e o r d e r  o f  m a g n i t u d e .  I n c r e a s i n g  t h e  
o r g a n i c  l o a d i n g  r a t e s  b y  i n c r e a s i n g  f e e d  c o n c e n t r a t i o n s  i n  
t h i s  i n s t a n c e ,  a p p e a r e d  t o  i n c r e a s e  t h e  a m o u n t o f  d i s p e r s e d  
g r o w t h .  T h e  s lu d g e  s e t t l e d  p o o r l y  r e s u l t i n g  i n  h i g h e r  SS i n  
t h e  f i n a l  d i s c h a r g e .  T h u s  i t  w a s  fo u n d  t h a t  t h e  s y s te m  w i t h  
t h e  g r e a t e s t  a m o u n t o f  d i s p e r s e d  g r o w th  a l s o  h a d  t h e  m o s t  
c o m p a c t  s lu d g e .  T h o u g h  i t  se e m e d  a  b i t  c o n t r a d i c t o r y  i t  w a s  
s u g g e s te d  t h a t  i n  a n o n - n u t r i e n t - l i m i t e d  s y s te m  t h e  l a t t e r  
cam e a b o u t  b e c a u s e  f i l a m e n t o u s  b a c t e r i a  w e re  c r o w d e d  o u t .  T h e  
r e s u l t i n g  f i l a m e n t - f r e e  s lu d g e  w a s  fo u n d  t o  b e  m o re  c o m p a c t .
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S e t t l e a b i l i t y  o f  t h e  s lu d g e  a p p e a rs  t o  b e  i n f l u e n c e d  b y  t h e  
F I L L  : REACT r a t i o .  D e n n is  a n d  I r v i n e  ( 1 9 7 7 )  s h o w e d  t h a t
t h e r e  w a s  a  d e f i n i t e  c o r r e l a t i o n  b e tw e e n  s e t t l i n g  v e l o c i t y  
a n d  t h e  F I L L  : REACT r a t i o  a s  sh o w n  i n  F ig u r e  3 . 1 .  W i t h  a
t o t a l  F I L L  a n d  REACT t im e  o f  6 h o u r s ,  T h e  g r e a t e s t  s e t t l i n g  
v e l o c i t y  o c c u r r e d  a t  t h e  F IL L  : REACT r a t i o  o f  2 : 4 ( h o u r s )  
w h i l e  t h e  l o w e s t  v e l o c i t y  o c c u r r e d  d u r i n g  t h e  5 : 1 r a t i o .
T h e  t r e n d  t o w a r d s  a b u l k i n g ,  p o o r  s e t t l i n g  s lu d g e  a t  t h e  
h i g h e s t  r a t i o  w a s  c l e a r l y  d e m o n s t r a t e d .  S V I f o r  t h e  2 : 4 a n d  
5 : 1 r a t i o  w e re  78 m l / g  a n d  2 2 4  m l / g  r e s p e c t i v e l y .  T h e  p o o r
s e t t l i n g  h a d  c o n s e q u e n t ly  r e s u l t e d  i n  h i g h e r  SS o f  t h e  f i n a l  
d i s c h a r g e .
T h e  r e l a t i o n s h i p  b e tw e e n  m ode o f  o p e r a t i o n  a n d  s lu d g e  
s e t t l e a b i l i t y  i s  n o t  a new  d e v e lo p m e n t  a n d  i s  n o t  r e s t r i c t e d  
t o  a  b a t c h  p r o c e s s .  C o m p le t e ly  m ix e d  s y s te m s  h a v e  b e e n  fo u n d  
t o  f a i l  d u e  t o  b u l k i n g  s o o n e r  f o l l o w i n g  a n  im p o s e d  lo a d  
i n c r e a s e  a n d  a t  a  s m a l l e r  lo a d  i n c r e a s e  t h a n  e i t h e r  t h e  p lu g  
f l o w  o r  b a t c h  r e a c t o r s  ( R e n s in k ,  1 9 7 4 ) .  T h e  g r o w th  o f  
f i l a m e n t o u s  o r g a n is m s ,  a n d  t h u s  b u l k i n g ,  w as  s u p p r e s s e d  w h e n  
a c o n c e n t r a t i o n  g r a d i e n t  e x i s t e d  (C h u d o b a , 1 9 7 3 a ;  1 9 7 3 b ) .
S u c h  a  g r a d i e n t  e x i s t s  i n  t r u e  b a t c h  r e a c t o r s  b u t  
i n c r e a s i n g l y  d im in i s h e s  i n  t h e  s e m i - b a t c h  p r o c e s s  a s  t h e  F IL L  
: REACT r a t i o  i n c r e a s e s .  I n  t h e  l a t t e r ,  t h e  m ax im um  
b io d e g r a d a b le  c o n c e n t r a t i o n  o f  s u b s t r a t e  i n  t h e  r e a c t o r
3 . 2 . 2  E f f e c t  o f  FILL j_ REACT R a t i o  On S lu d g e  S e t t l i n g
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o c c u r s  a t  som e t im e  d u r i n g  F I L L  p e r i o d .  T h is  w o u ld  b e  a t  t h e  
e n d  o f  t h e  F I L L  p e r i o d  f o r  c o n s t a n t  f l o w  a n d  c o n c e n t r a t i o n .  
C l e a r l y ,  p e a k  c o n c e n t r a t i o n s  w o u ld  b e  g r e a t e r  f o r  s h o r t  F IL L  
p e r i o d s  t h a n  f o r  l o n g  F I L L  p e r i o d s .
D e n n is  a n d  I r v i n e  ( 1 9 7 9 )  h a v e  a l s o  sh o w n  t h a t  t h e  F IL L  : 
REACT r a t i o  h a d  n o  e f f e c t  o n  t h e  t r e a t m e n t  e f f i c i e n c y  i n  
t e r m s  o f  s o l u b l e  s u b s t r a t e  r e m o v a l .  R e g a r d le s s  o f  t h e  F IL L  : 
REACT r a t i o ,  t h e  a v e r a g e  BOD o f  t h e  f i n a l  d i s c h a r g e  i n  t h e i r  
s t u d y  w a s  3 0 m g / l .  C o n s id e r in g  t h a t  t h e  BOD o f  t h e  f e e d  w as 
4 0 0  m g / l ,  t h i s  c o u ld  b e  c o n s id e r e d  a  h i g h l y  p u r i f i e d  
d i s c h a r g e  e x c e p t  f o r  t h e  h ig h  SS (1 1 7  m g / l )  f o r  t h e  h ig h  F IL L  
: REACT (5  : 1 ) s e t  -  u p .  T h e y  h a d  a l s o  sh o w n  t h a t  t h e
s o l u b l e  s u b s t r a t e  c o n c e n t r a t i o n  a t  t h e  e n d  o f  t h e  REACT 
p e r i o d  i s  a t  o r  n e a r  t h e  n o n - b io d e g r a d a b le  c o n c e n t r a t i o n  f o r  
t h e  f e e d  u s e d .
F ro m  t h e  a b o v e  s t u d y ,  i t  i s  q u i t e  c l e a r  t h a t  SBR i s  v e r y  
e f f i c i e n t  i n  s o l u b l e  o r g a n i c  r e m o v a l .  T h e  s u c c e s s  o r  f a i l u r e  
o f  SBR p r o c e s s  w i l l  b e  d e p e n d e n t  o n  t h e  d e v e lo p m e n t  o f  a 
b a c t e r i a l  p o p u l a t i o n  t h a t  w i l l  s e t t l e  w e l l .  T h is  w o u ld  a g a in  
b e  a f f e c t e d  b y  t h e  c o n t r o l  s t r a t e g i e s  a d o p te d  f o r  t h e  SBR 
o p e r a t i o n .  T h e s e  a l s o  i n c l u d e  s u b s t r a t e  t y p e ,  o r g a n is m s  
d e v e lo p e d ,  s lu d g e  a g e ,  a n d  l o a d i n g .
3 . 3  C o n t r o l  S t r a t e g i e s
A s  m e n t io n e d  e a r l i e r  t h e  m a in  c h a l le n g e  i n  o p e r a t i n g  SBR 
p r o c e s s  i s  t o  d e v i s e  a  c o n t r o l  s t r a t e g y  t h a t  w i l l  p r o d u c e  a
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h i g h l y  p u r i f i e d  f i n a l  d i s c h a r g e  w i t h  m in im u m  SS a n d  m ax im um  
s lu d g e  c o m p a c t a b i l i t y .
SBR p r o c e s s  i s  u n i q u e l y  s u i t e d  f o r  t h e  s e l e c t i o n  a n d
e n r ic h m e n t  o f  d e s i r e d  m i c r o b i a l  p o p u l a t i o n s  b e c a u s e  o f  t h e  
e a s e  w i t h  w h ic h  a d i v e r s e  a r r a y  o f  o p e r a t i n g  s t r a t e g i e s  a n d  
s e l e c t i v e  p r e s s u r e s  c a n  b e  im p le m e n te d .  T h e  t im e  f o r  e a c h  
m ode  o f  o p e r a t i o n  c a n  b e  c o n t r o l l e d  t o  m e e t t h e  s p e c i f i c  
r e q u i r e m e n t .  F o r  e x a m p le ,  d u r i n g  t h e  F IL L  p e r i o d ,  o r g a n is m  
s e l e c t i o n  c a n  b e  c o n t r o l l e d  b y  m a n ip u la t i n g  t h e  a c t u a l  
s p e c i f i c  g r o w t h  r a t e s  o f  t h e  m ic r o b e s  a n d  r e g u l a t i n g  t h e  
o x y g e n  t e n s i o n  i n  t h e  r e a c t o r .  A  v a r i e t y  o f  a e r o b i c  a n d
a n o x ic  c o n t r o l  s t r a t e g i e s  c a n  b e  im p le m e n te d .  D u r in g  t h e
REACT p e r i o d ,  f u r t h e r  s e l e c t i v e  p r e s s u r e s  c a n  a l s o  b e  a p p l i e d  
b y  c o n t r o l l i n g  t h e  l e n g t h  o f  t im e  w h ic h  t h e  o r g a n is m s  a r e
s u b je c t e d  t o  s t a r v a t i o n  c o n d i t i o n s .
C r i t e r i a  f o r  d e f i n i n g  t h e  b e s t  o p e r a t i n g  m ode a r e  n o t  
a d e q u a t e ly  u n d e r s t o o d .  S y s te m s  w i t h  i d e n t i c a l  d a i l y  l o a d in g s  
a n d  s lu d g e  a g e  m ay d e v e lo p  o r g a n is m s  w i t h  m a r k e d ly  d i f f e r e n t  
s e t t l i n g  c h a r a c t e r i s t i c s .  D u r a t i o n  p f  t h e  REACT p e r i o d  
d e s e r v e s  m o re  a t t e n t i o n .  T h e  c o n t r o l  s t r a t e g i e s  m ay b e  s i t e  
s p e c i f i c  d e p e n d in g  o n  t h e  c h a r a c t e r i s t i c s  o f  t h e  w a s t e w a t e r  
a n d  t e s t  r u n s  m u s t  b e  c a r r i e d  o u t  t o  d e t e r m in e  t h e  b e s t  
o p t i o n  f o r  t h e  p r o c e s s .
A n  o v e r a l l  c o n t r o l  s t r a t e g y  u s in g  a  m ic r o p r o c e s s o r  i s  
c e r t a i n l y  b e n e f i c i a l  b e c a u s e  i t  p r o v id e s  m o re  f l e x i b i l i t y  i n
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t h e  SBR o p e r a t i o n .  D i f f e r e n t  o p e r a t i n g  s t r a t e g i e s  c a n  b e  
e a s i l y  a c h ie v e d  w i t h  t h i s  t y p e  o f  c o n t r o l .  T h e  c o n t r o l  
s t r a t e g y  s h o u ld  b e  d e s ig n e d  t o  m ake  t h e  SBR o p e r a t i o n  s im p le  
w h ic h  d o e s  n o t  r e q u i r e  a  f u l l  t im e  o p e r a t o r ' s  a t t e n t i o n .  
W i t h  t h e  a d v e n t  o f  l e s s  c o s t l y  a n d  r e l i a b l e  m ic r o p r o c e s s o r  
c o n t r o l l e r ,  t h e  c o n t r o l  c a n  b e  v e r y  e a s y  a n d  s im p le .
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CHAPTER 4 EXPERIMENTAL METHODS
4 . 1  I n t r o d u c t i o n
T h e  m a in  o b j e c t i v e  o f  t h i s  s t u d y  w as t o  e v a lu a t e  t h e  
S e q u e n c in g  B a tc h  R e a c t o r  (SBR ) p r o c e s s  a s  a  m o re  c o s t -  
e f f e c t i v e  t r e a t m e n t  a l t e r n a t i v e  f o r  p a lm  o i l  r e f i n e r y
e f f l u e n t  (P O R E ).
T h e  w h o le  s t u d y  c o n s i s t e d  o f  t h r e e  p h a s e s  a s  f o l l o w s :
4 . 1 . 1  P h a s e  ( a )  y  L a b o r a t o r y  S tu d y
T h e  l a b o r a t o r y  s t u d y  w a s  c a r r i e d  o u t  o v e r  18 m o n th s  u n d e r
v a r y i n g  o p e r a t i n g  c o n d i t i o n s .  T h is  c o n s i s t e d  o f  a  s e r i e s  o f  
s t u d i e s  o n  s y s te m  d e v e lo p m e n t ,  i n c l u d i n g  t h e  c o n s t r u c t i o n  o f  
l a b o r a t o r y  r e a c t o r s  a n d  t h e  s e q u e n c in g  c o n t r o l  d e v i c e .  T h e  
e f f e c t  o f  v a r i o u s  o p e r a t i o n  p a r a m e t e r s ,  n a m e ly ,  c y c l e  t im e ,  
m ode o f  o p e r a t i o n s ,  l e v e l s  o f  m ix e d  l i q u o r  s u s p e n d e d  s o l i d s  
(M LS S ) a n d  d i s s o l v e d  o x y g e n  (D O ) ,  e t c .  o n  t h e  p e r f o r m a n c e  o f
t h e  SBR s y s te m  a t  b e n c h  s c a l e ' w a s  i n v e s t i g a t e d .  T h e  s e t t l i n g  
c h a r a c t e r i s t i c s  o f  t h e  MLSS w e re  a l s o  d e t e r m in e d  a s  a n d  w h e n  
r e q u i r e d .  T h is  p h a s e  o f  s t u d y  w o u ld  e s t a b l i s h  t h e  o p t im u m  
o p e r a t i n g  c o n d i t i o n s  w h ic h  w o u ld  b e  u s e d  f o r  t h e  n e x t
p h a s e  o f  s t u d y .
4 . 1 . 2  P h a s e  ( b )  : P i l o t  P l a n t  S tu d y
T h e  p i l o t  p l a n t  s t u d y  w a s  c a r r i e d  o u t  o v e r  a  t h r e e  m o n th s  
p e r i o d .  B a s e d  o n  t h e  e x p e r ie n c e  g a in e d  f r o m  p h a s e  ( a ) ,  t h e
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o p t im u m  o p e r a t i o n  c o n d i t i o n s  w e re  e v a lu a t e d  a t  t h e  p i l o t  
p l a n t .  A  p i l o t  p l a n t  w a s  e r e c t e d  i n  a p a lm  o i l  r e f i n e r y  f o r  
t h e  s t u d y .  T h is  o n  s i t e  s t u d y  h a d  p r o v id e d  m o re  r e a l i s t i c  
e n g in e e r i n g  d a t a  f o r  s c a l i n g - u p  t o  c o m m e r c ia l  o p e r a t i o n .  T h is  
p h a s e  o f  s t u d y  h a d  t a k e n  i n t o  c o n s i d e r a t i o n  t h e  r o u t i n e  
o p e r a t i o n  o f  t h e  r e f i n e r y  i n c l u d i n g  t h e  o p e r a t o r ' s  d a i l y  
f u n c t i o n  a n d  m a in te n a n c e  o f  t h e  p i l o t  p l a n t  s o  t h a t  a  m o re  
p r a c t i c a l  m ode o f  o p e r a t i o n  c o u ld  b e  e s t a b l i s h e d .  T h e  
o p e r a t i o n  a n d  m a in te n a n c e  c o s t s  f o r  t h e  p i l o t  p l a n t  c o u ld  
t h e n  b e  d e t e r m in e d .
4 . 1 . 3  P h a s e  ( c )  : F u l l  S c a le  C o m m e rc ia l  P l a n t  O p e r a t io n
T h e  a b o v e  s t u d i e s  h a d  p r o v id e d  t h e  d e s ig n  a n d  o p e r a t i o n a l  
c r i t e r i a  f o r  t h e  e s t a b l i s h m e n t  o f  a c o m m e r c ia l  t r e a t m e n t  
p l a n t .  T h is  p h a s e  o f  s t u d y  c o v e r e d  t h e  c o n s t r u c t i o n  a n d  
c o m m is s io n in g  a s  w e l l  a s  m o n i t o r i n g  o f  t h e  p e r f o r m a n c e  o f  t h e  
c o m m e r c ia l  f u l l  s c a le  SBR p r o c e s s  f o r  a p e r i o d  o f  t i m e .  T h e  
c o s t - e f f e o t i v e n e s s  o f  t h e  SBR h a d  b e e n  m ade a g a in s t  t h e  
c o n v e n t i o n a l  a c t i v a t e d  s lu d g e  p l a n t  c u r r e n t l y  a d o p te d  b y  t h e  
i n d u s t r y .
T h e  s t u d i e s  c o n c e r n e d  m a in l y  o n  t h e  e f f i c a c y  a n d  t h e  
a p p l i c a t i o n  a s p e c t s  o f  t h e  s y s te m .  T h is  w a s  a n  e x a m p le  o f  
a p p l i e d  r e s e a r c h .  I t  w a s  i n t e n d e d  t o  c a r r y  o u t  m in im u m  
s u c c e s s f u l  e x p e r im e n t s  s o  t h a t  t h e  r e s e a r c h  f i n d i n g s  c o u ld  b e  
t r a n s f e r r e d  t o  c o m m e r c ia l  a p p l i c a t i o n  a t  t h e  s h o r t e s t  
p o s s i b l e  t i m e .  I t  i s  a l s o  p e r t i n e n t  t o  m e n t io n  h e r e  t h a t  t h e
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m a in  a im  o f  t h i s  s t u d y  w as  t o  d e v e lo p  a t r e a t m e n t  p r o c e s s  f o r  
p a lm  o i l  r e f i n e r y  e f f l u e n t  t h a t  c o u ld  p r o d u c e  a  f i n a l  
d i s c h a r g e  c o m p ly in g  w i t h  t h e -  D e p a r tm e n t  o f  E n v i r o n m e n t 's  
d i s c h a r g e  s t a n d a r d s .
B e f o r e  d e s i g n i n g  a n d  c o n s t r u c t i n g  t h e  f u l l  s c a le  t r e a t m e n t  
p l a n t ,  m e e t in g  a n d  d i s c u s s i o n s  w i t h  t h e  p a lm  o i l  r e f i n e r y  
m a n a g e m e n t w e re  h e ld  t o  a d o p t  t h e  m o s t  a p p r o p r i a t e  o p e r a t i o n  
s t r a t e g y  t a k i n g  i n t o  a c c o u n t  t h e  e x i s t i n g  f a c i l i t i e s  l i k e  
p u m p s , c o m p r e s s o r  a n d  c o n t r o l  i n s t r u m e n t a t i o n s .
4 . 2  L a b o r a t o r y  S tu d y
4 , 2 . 1  E x p e r im e n t a l  D e s ig n
T h e  l a b o r a t o r y  e x p e r im e n t a l  s e t  u p  f o r  t h e  s t u d y  i s  sh o w n  
d i a g r a m a t i c a l l y  i n  F ig u r e  4 . 1 .  P l a t e  4 . 1  sh o w s  t h e  a c t u a l
l a b o r a t o r y  s e t  u p .  I t  c o n s i s t e d  o f  e s s e n t i a l l y  a  r e c t a n g u la r ,  
r e a c t o r  o f  1 0 - l i t r e  c a p a c i t y  (1 5 0  mm X 150  mm X 4 5 0  m m ). 
F e e d in g  a n d  d i s c h a r g i n g  w e re  p e r f o r m e d  b y  tw o  p e r i s t a l t i c  
pu m p s  (W a ts o n  M a r lo w )  a t  t h e  b e g in n in g  a n d  e n d  o f  e a c h
e x p e r im e n t a l  c y c l e .  T h e  m ax im um  p u m p in g  c a p a c i t y  o f  e a c h
pum p w a s  2 0 0  m l / m in u t e .  T h e  s h o r t e s t  f i l l i n g  a n d  d e c a n t i n g  
t im e s  p la n n e d  f o r  t h i s  s t u d y  w e re  tw o  h o u r s .  T h e  o n / o f f  o f  
t h e  p u m p s  w e re  c o n t r o l l e d  b y  t h e  s e q u e n c e / t im e  c o n t r o l l e r .  
T h e  f e e d  pum p w a s  s w i t c h e d  o n  a t  t h e  e n d  o f  t h e  ID L E  p e r i o d  
a n d  o f f  a f t e r  t h e  F IL L  p e r i o d  r e s p e c t i v e l y .  S i m i l a r l y  t h e
d is c h a r g e  pum p w as  s w i t c h e d  o n  a t  t h e  e n d  o f  SETTLE p e r i o d
a n d  o f f  a t  p r e - s e t  t im e  f o r  d i s c h a r g e  (D E C A N T ). T h e  s u c t i o n
pt
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F i g .  4 . 1  : L a b o r a t o r y  S e q u e n c in g  B a tc h  R e a c to r  p r o c e s s
P l a t e  4 . 1  : L a b o r a t o r y  S e q u e n c in g  B a t c h  R e a c t o r  
S e t  u p  s h o w in g  R e a c t o r ,  F e e d  a n d  
D is c h a r g e  P u m p s , S e q u e n c in g  C o n t r o l l e r ,  
D i s s o l v e d  O x y g e n  M e t e r  a n d  pH M e t e r
*
P l a t e  4 . 2  : S e q u e n c i n g  C o n t r o l l e r
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end of the discharge line could be moved upwards or downwards 
according to the need required in the experiment. But it was 
set at the 2-litre level (from the bottom of the reactor) for 
most of the experiments. The lower two sampling ports were 
used for sampling of mixed liquor (middle sample port) and 
the bottom one was used to sample the settled liquor.
Particular attention was given to ensure that the sludge was 
not removed during the withdrawal of the clarified effluent. 
However the sludge that had not settled within the stipulated 
time would be automatically removed during the DECANT period. 
The settleability of the sludge and the sludge volume index 
(SVI) were established for further reference.
Air was supplied by two aquarium pumps and stone diffusers 
placed at the bottom of the reactor. Air flow was controlled 
by monitoring the dissolved oxygen (DO) of the mixed liquor 
in the reactor. The DO was maintained at above 2.0 mg/l 
after FILL period. The set point of 2 mg/l of DO was 
frequently adopted to avoid oxygen limited growth and enhance 
sludge settling (Palm et a l ., 1980). The air flow was not
changed once it was set for that particular run. The air 
flow rate was measured periodically. It must be mentioned 
here that the air or aeration time was required to achieve 
organic removal only. Nitrification was not studied in this 
exercise.
No mixing device was incorporated in the set up. The reactor
I
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content was mixed by air admitted to the reactor. Hence the 
air flow rate must be controlled and monitored to ensure that 
sufficient air was introduced to the system to maintain the 
required DO level and to provide adequate mixing of the mixed 
liquor. When mixing was observed to be inadequate, the air 
flow rate would be increased. This would also result in a 
higher DO level in the mixed liquor. However intermittent 
manual mixing (by stirring with glass rod) was also necessary 
to ensure that no solid (sludge) was stuck to corners or dead 
spots in the reactor for a prolonged period of time. 
Microbial growth on the reactor walls was also scrapped off 
weekly. It was also important to clean the feeding and 
discharge line off the bacterial growth, when necessary.
It is important to mention here that it is intended to use 
air to effect agitation of the reactor content. No additional 
mechanical agitator will be employed in the full scale plant. 
Thus no extra investment, operation and maintenance costs for 
the mechanical agitator will be incurred.
4.2.2 Experimental Procedures
For all the experiments carried out in this study, the stock 
feed material was collected from a nearby palm oil refinery 
and kept in a cold room at 4°G before use. Since the refinery 
effluent was discharged into a wastewater collection sump for 
oil/fatty matter recovery, care was taken to make sure that 
the sample collected did not contain oil/fatty matter as best
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as it was possible. pH and nutrients adjustments were carried 
out when necessary at the beginning of each experimental run. 
Sodium hydroxide was used for pH adjustment. Generally, the 
palm oil refinery effluent was nitrogen deficient. Commercial 
grade urea (cheapest source of nitrogen) was used to 
supplement the nitrogen deficiency according to COD : N = 100 
: 5. Phosphorus was sufficient. Except for pH or nutrient 
adjustment, the effluent collected was treated as such. No 
dilution was made. Thus the strength of the effluent in 
terms of COD etc. could vary depending on the production 
schedule and time of sampling.
The reactor was seeded with active sludge obtained from an 
operating activated sludge plant treating palm oil refinery 
effluent. The sludge established in the reactor was used for 
the subsequent experiments. The cycle time for each 
experimental run was predetermined. The time sequence for 
each mode of operation was controlled by a CKD Controller, 
Model CP-11C as shown in Plate 4.2 (mention of name does not 
mean endorsement). The operation programme could be changed 
quite easily, when necessary to meet the experimental 
requirement. The sequencing controller controlled the feed 
and discharge pumps as well as the air pump.
For all the experiments, the reactor was filled up to the 8 
-litre level and the reactor liquor volume at the end of the 
decant period was 2 litre.- The mixed liquor suspended solids 
(M L S S ) after FILL period was maintained at a desired
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operating level by wasting the excess sludge after settling 
whenever "it was deemed necessary. For example a MLSS 
concentration of 8000 mg/l in a 2-litre volume of sludge 
after DECANT period corresponds to a MLSS of about 2000 mg/l 
in the reactor after FILL period. Excess sludge was removed 
during the IDLE period before starting the next cycle of 
operation.
• • C OThe study was carried out at ambient temperature at 27-30 C. 
Daily analyses of pH, temperature, DO, and SS were carried 
out on the mixed liquor sample during REACT period. pH, COD, 
TN determinations were done on the feed and discharge 
samples. On certain occasions, COD and DO were monitored at 
hourly intervals. BOD analysis was carried out only 
periodically because of its laborious nature. All these 
analyses were done according to APHA standard methods (1985) 
except for BOD which was done on samples incubated for three 
days at 30°C. All the chemical reagents used for the analysis 
were of AR grades.
A series of experiments were carried out to study the effect 
of varying the operation parameters on the performance of the 
SBR. Each experimental run was made up of a number of cycles 
and lasted for at least four weeks until a very steady and 
consistent result in terms of COD removal was obtained. Since 
the effluent as collected from the refinery was used for the 
studies, it was expected to see variations in the organic 
loadings between batches of the experiments. The variations
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in effluent characteristics between batches can be seen in 
the results presented in the respective experiments.
For each operating mode investigated, at least one track was 
run. A track consisted of intensive reactor liquor sampling 
during one cycle at hourly intervals. During the settle 
phase, the settling velocity was determined in the reactor. 
The solid interface was measured as a function of time. The 
sludge volume index (SVI) was also determined for each 
experiment.
4.2.2.1 Sludge Volume Index (SVI) Determination
The SVI was measured in a one-litre graduated cylinder. This 
involved in placing one litre of the mixed liquor sample 
(taken towards the end of the REACT period) in the cylinder 
and allowing the sample to settle for thirty minutes. At the 
end of thirty minutes, the sludge-supernatant interface was 
measured and the SVI was calculated as the volume (ml) 
occupied by one gram of the settled sludge. The settling 
characteristics of the sludge were also observed in the 
reactor during the SETTLE period. The SVI for good settling 
sludge is generally below 100 ml/g.
4.2.2.2 Routine Operation
Effects of cycle time and filling time, aeration time, idle 
time, DO on the performance of SBR were studied. However the 
oxygen uptake rate was not measured.
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On working days, the SBR was operated continuously for 24 
hours. Thus for experiments with cycle time less than 24 
hours, care was taken to ensure that enough feed material was 
prepared to meet the experimental requirements. All the 
reactor discharge was collected in one container.
On weekends, public holidays or when the operator was on 
leave, the settled sludge was kept in the refrigerator 
for later use. If the performance of the process was in doubt 
the viability of the sludge was checked before starting the 
next experiment by determining the percentage of MLVSS 
according to APHA standard methods. The process performance 
was monitored for about two weeks. Fresh sludge was then 
used or added to replenish the wasted sludge if the viability 
of the old sludge was in doubt.
4.2.3 Starting Up Experiments : 5.1 - 5.5
The SBR during this start-up period was obtained from an
activated sludge plant treating similar effluent from a palm 
oil refinery. Thus the sludge needed no acclimatisation and 
could be used straight away for the investigation. An
arbitrary mode of operation was chosen to assess the
performance of the system. A 24 hour cycle was used:
FILL time : 8 hours
REACT time : 20 hours (simultaneous)
67
DECANT and IDLE time : 2 hours
The sequence of operation is depicted in Figure 4.2.
It must be mentioned here that in all the experiments, 
decanting of the treated effluent (supernatant) started 
immediately after the SETTLE period. No aeration was 
introduced during the entire DECANT and IDLE period. Thus the 
settled sludge would be under anaerobic or anoxic condition.
A total of 15 cycles over a period of two months were 
operated. The first five cycles were run on a trial and error 
basis to set up the operation procedure and to overcome some 
operational problems. Thus the results were not presented. 
The next ten cycles were operated smoothly without any 
problems. Very consistent process performance was obtained in 
terms of COD removal efficiency. The results of the last five 
cycles are presented and discussed in Chapter 5. The 
detailed track results of the two cycles are shown in 
Appendices 5.1 and 5.2.
Process performance was monitored through daily sampling and 
analysis of pH, COD, and MLSS. BOD analysis was also carried 
out periodically. Generally it could be seen that very good 
results were obtained in terms of COD and BOD removal 
efficiencies.- The MLSS and the DO levels were seen to be high 
at about 5000 mg/l and 4.0 mg/l respectively. Very good 
mixing of the reactor content was observed. Excellent
S E T T L E  t i m e  : 2 h o u r s
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Figure 4 .2 : Sequence of operation 
Cycle time : 24 hours
Hours 0 2 4 6 8 10 12 14 16 18 20 22 24 Ref.Table
Experiment
5.1 -5.5
FILL
REACT (AERATION) SETTLE DECANT
IDLE
5.1
Figure 4.3 : Sequence o f operation 
Cycle time : 12 hours
Hours 0 2 4 6 10 12 Ref.Tables
Experiment 
5.6-5.9
5.10-5.14
5.15-5.19
5.20 - 5.24
FILL
REACT (AERATION) SETTLE DECANT
IDLE
FILL
REACT (AERATION) SETTLE DECANT
IDLE
FILL
REACT (AERATION) SET1LE DECANT
IDLE
FILL
REACT (AERATION) SETTLE DECANT
IDLE
5.2
5.3
5.4
5.5
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settling characteristics were observed. During this period, 
about 1476 mg of sludge was wasted daily. This wastage was 
incidental as about 12 0 ml of the mixed liquor were taken 
daily for quality parameters analysis. The sludge after the 
MLSS analysis was not returned to the reactor. As a result, 
no significant increase in the MLSS was observed. A very 
clear discharge was observed. No sludge bulking was observed 
during the entire start-up period. It must be mentioned here 
that any sludge which did not settle below the discharge port 
was removed together with the treated effluent. The operation 
including the sequencing control was smooth except some 
occasional interruptions by power failures.
The track results showed that the COD of the mixed liquor was 
already low when the FILL period started and remained more or 
less the same until the filling was completed i.e. after 8 
hours. There was not very much reduction in COD after that. 
This indicated that perhaps both the FILL and REACT times 
could be shortened.
With the satisfactory results obtained, a series of 
experiments were planned to study the effect of various 
parameters on the system performance. Particular attention 
was given to shorten the FILL and REACT times as well as 
lowering of DO levels as these operations would have bearing 
on the capacities of the equipment which would determine the 
capital cost of the system.
However, in an attempt to reduce the DO of mixed liquor, it 
was observed that there was not sufficient mixing in the 
mixed liquor when the DO of the mixed liquor was less than
2.5 mg/l. The supernatant was cloudy. The reactor content 
also seemed to become septic giving an unpleasant odour. It 
was quite obvious that the flow of air was not enough to 
churn or thoroughly mix the reactor content. Therefore, in 
the subsequent experiments, air flow was increased to ensure 
good mixing in the reactor besides providing higher DO level 
to the reactor content.
4.2.4 Experiment
4 . 2 . 4 . 1 Experiments 5 . 6  -  5 . 2 4  y  12 hours cycle time .
After the satisfactory start - up operation, the SDR was 
placed on a routine 12-hour operating cycle with different 
modes of operation. In this series of experiments, the COD 
concentrations varied quite widely. No attempts were made to 
dilute or concentrate the feed solution. The results were 
grouped according to the ’ COD concentrations and were 
presented in Tables 5.2 to 5.5 in Chapter 5. The sequences of 
operation for each set of experiments are shown in the Figure
4.3. The effects of different FILL and REACT times as well as 
MLSS concentrations on the process performance were studied. 
The DO was maintained at between 3 to 4 mg/l. Process 
performance was monitored as described in earlier 
experiments.
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Effects of filling and aeration times on the performance of 
the SBR were studied. It was discerned that four hour filling 
time was about the shortest time that was practicable for the 
industrial application. Otherwise a very high capacity pump 
(i.e. high investment cost) would be required.
Feed stock was collected weekly from the same refinery and 
was kept in a cold room at 4°G before it was used. Before 
starting the experiments, the feed sample was analysed for 
pH, COD and TN. pH and TN were adjusted when necessary. The 
SS in the settled sludge was also determined to estimate the 
MLSS when the reactor was filled. The effect of MLSS level on 
the performance of the SBR was studied. The optimum level of 
MLSS was determined and used for subsequent experiments. 
Except for power failure on a few occasions, the experiments 
were carried out smoothly. Those runs affected by power 
failure were discarded. Stable operation was assumed when the 
process produced consistently good quality effluent, in terms 
of COD and settling characteristics of the sludge, over a 
period of time i.e. about four weeks.
Good mixing was observed when the DO of the mixed liquor was 
maintained at above 2.5 mg/l.
4.2.4.2 Experiments 5.25 - 5.27 : 10 hours Cycle time
After successful operation and satisfactory results obtained 
from the above experiments, the SBR was put on a 10-hour 
cycle operation as shown in Figure 4.4. The performance of
7 2
the process was monitored as before. Effects of loading rate 
and aeration times on the performance of the process were 
studied. The results are shown in Table 5.6 in chapter 5.
4 .2 .4 .3 Experiments 5 .2 8  ^ 5 .4 2  i_ 8  hours Cycle Time
Similarly, the above experiments were repeated with 8 hours
cycle time. Only one mode of operation was investigated. The 
sequence of operation is shown in Figure 4.5. It was intended 
to study the effect of loading rates on the performance of 
the SBR process while maintaining the concentrations of MLSS 
and DO at about 2000 mg/1 and 2.5 mg/1 respectively as shown
in Figure 4.5. The results of the studies are shown in
Tables 5.7 to 5.9 in Chapter 5.
4.2.5 Reactor Maintenance
Considerable attention was given to reactor maintenance 
throughout the course of these investigations. Microbial 
growth in the feeding and discharge tubes were cleaned by 
compressive r o l l i n g ' weekly. Microbial growth on the reactor 
wall were minimised by daily cleaning or direct scrapping. 
Also the air diffuser stones were cleaned after every cycle 
of operation.
The floating material (fatty matter.) in the feed stock tank 
was skimmed off before feeding started. This was to ensure 
that the fatty matter would not form sticky scum with the 
sludge in the reactor.
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Figure 4.4 : Sequence o f operation 
Cycle time : 10 hours
Hours
Experiment 
5.25 - 5.27
8 10 Ref.
Table
FILL
REACT (AERATION) SETTLE DECANT
IDLE
5.6
Figure 4.5 : Sequence o f operation 
Cycle time : 8 hours
Hours Ref.
Tables
Experiment 
5.28 - 5.42 FILL
REACT (AERATION) SETTLE DECANT
IDLE
5.7
5.8
5.9
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When necessary, the feed stock collected from the refinery 
was screened with a No. 200 sieve to remove the dirt or 
scum.
The degree of care might have been extreme but was considered 
warranted in the interest of insuring a consistently 
successful system devoid of operating anomalies induced by 
poor reactor conditions.
4.2.6 Analytical Parameters and Methodology
For most of the part, the analyses were carried out
immediately on the same day. Otherwise, the samples were
stored at 4°C in a cold room and analysis was carried out the 
next day. All the analyses were conducted in accordance with 
standard procedures (APHA, 1985). When necessary, duplicate 
sample analyses were conducted to ensure the accuracy of the 
test results.
COD was measured daily to monitor the performance of the 
process. The quality of the discharge was considered 
excellent when the COD was below 150 mg/l. From the early 
experience when the COD was below 150 mg/l, the BOD was below 
50 mg/l which was the official discharge standard.
Throughout the study, microbiological examination of the 
MLSS was not carried out. It was assumed that the microbial
populations were fairly consistent as the nature and
characteristics of the feed did not vary very much. The COD
or BOD might vary according upon the refinery operation.
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The pilot plant consisted of a reactor with 0.4 cubic metre 
capacity as shown in Plate 4.3. The set up was similar to the 
one used for laboratory scale study. However the pilot plant 
was installed at the factory site. The same sequence 
controller was used to control the operational sequences of 
the pilot plant. Each cycle consisted of FILL, REACT, SETTLE, 
DECANT and IDLE phases. The phases were time controlled but 
the FILL and DECANT phases could be automatically over-ridden 
by level controllers linked to the microprocessor controller. 
Filling of the reactor was accomplished with centrifugal 
pump. Decanting was carried out with solenoid valves. Air 
was supplied from the factory compressor to the reactors 
during the FILL, REACT phases. Here again air was used to 
agitate the reactor content. No mechanical agitator was 
employed. No air was introduced during the DECANT and IDLE 
phase. The DO levels in the mixed liquor during FILL and 
REACT modes were monitored. The DO levels of the mixed liquor 
during REACT phase was maintained at above 2.0 mg/1. The
degree of mixing of the reactor content was also checked by 
visual observation. The supply of air and its control was 
achieved with solenoid valves which determined the number of 
air lines opened for air supply.
The raw effluent used for the pilot plant study was pumped 
directly from the wastewater collection sump of the refinery.
4 . 3  P i l o t  P l a n t  S t u d y
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Here again care was taken to ensure that as little oil as 
possible was pumped into the reactor. The suction line was 
positioned well below the liquid level to prevent floating 
materials from getting into the suction line.
In the pilot plant studies, pH and/or nutrient (nitrogen) 
adjustment were carried out in the reactor when necessary. 
Commercial grades sodium hydroxide and urea were used for pH 
and nitrogen adjustment.
The temperatures of the raw effluent and the mixed liquor 
were monitored for each cycle. No cooling of the raw effluent 
was carried out. It was necessary and important to study the 
effect of temperature of the raw effluent on the performance 
of the SBR process at the pilot plant scale operation.
SBR cycle time was primarily determined from the laboratory 
scale studies. However some experimental runs were also 
carried out with different cycle times which varied from 8 to 
24 hours. The FILL time was fixed at 4 hours. This was the 
minimum time required to fill up the reactor in the full 
scale plant. This was the capacity of the pump presently 
available at the refinery. The time allowed for SETTLE phase 
was 2 hours. DECANT and IDLE time was also set at 2 hours, 
though it normally took about half an hour to discharge the 
clarified supernatant. After decanting, the volume of the 
liquor (concentrated sludge) content left in the reactor was 
about 20% of the reactor volume. The remaining portion of
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each cycle period was divided into filling and aeration 
phases. In order to fit into the operation routine of the 
refinery plant operator, the SBR was operated only one to two 
cycles per day. This meant that any time in 24 hour outside 
the cycle time indicated would be IDLE time.
The reactor was seeded with sludge obtained from the 
activated sludge plant clarifier of a sewage treatment plant. 
Before starting the SBR plant, the reactor was fed slowly 
with the refinery effluent to acclimatize the seed. Urea was 
added to supplement the nutrient (nitrogen) requirement. Air 
supply commenced with the feeding. Aeration continued until 
the quality of the treated effluent has reached an acceptable 
level. This process was repeated until the sludge was fully 
acclimatized i.e. when the plant consistently produced good 
quality treated effluent. The MLSS in the reactor was 
maintained at around 2500 mg/l.
Three runs with cycle times 8-hour, 12-hour and 24 hour were 
conducted. The sequence of operations is given in Figure 
4.6.
The performance of the process was monitored through routine 
sampling and analysis as in the laboratory scale studies.
4.4 Full Scale Commercial Plant Study
4.4.1 Design and construction of the plant
Before designing the full scale plant, discussions were held
i
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«between the refinery management to obtain essential plant 
operating data. The existing equipment facilities were also 
recorded as this would affect the design and capital cost of 
the plant. It was intended to make full use of the existing 
equipment like pumps, compressors etc. so that the capital 
cost would be minimised.
The daily flow and characteristics of the refinery wastewater 
were monitored over a three month period to obtain actual 
variation data for design purposes. A most practical SBR 
operation cycle was discussed and determined taking into 
consideration the refinery's routine operation and staff 
requirement. A  detailed design programme is given in 
Appendix 4.1.
The full scale plant was constructed within the refinery 
complex. The plant was commissioned in December 1986.
The schematic flow diagram of the full scale SBR plant is 
shown in Figure 4.7. Plates 4.4 to 4.8 show the photographs 
of the full scale plant. It consisted of one 30-cubic metres 
holding tank and two 50-cubic metres reactors. The raw 
effluent consisting of circuit bleed from barometric 
condenser cooling water, floor wash and cleaning water, was 
collected in a sump (fat trap) where oil and fatty matter as 
well as floating dirt debris were recovered or removed. It 
was then pumped into the holding tank, where pH and nutrient 
adjustment were carried out if necessary. The 1’balanced"
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effluent was then fed to the SBR by a centrifugal pump during 
the FILL period.
All the pumps (feed and discharge pumps) were automated by a 
sequencing (time) controller. They could be manually operated 
when necessary. The operation of the feed pump from fat trap 
to holding tank could be overridden by a level switch. This
was to avoid overflow of wastewater from the fat trap. Thus
little operator attention was required if the refinery was in 
routine operation. However, particular attention was given 
to ensure that the oil or fatty matter recovery mechanism at 
the fat trap was working satisfactory. It was necessary to 
prevent excessive oil or dirt from getting into the reactor* 
Routine checking of the pH, COD and nutrients in the feed was 
carried out. pH and nutrient adjustments were carried out at 
the holding tank when necessary. Urea And ammonium dihydrogen 
phosphate were added to adjust the nutrient requirement
according to COD : N : P — 100 : 5 : 1 ratio. These were done
by the respective dosing pumps.
Air was supplied by a blower through conical-shape diffusers 
installed at the bottom of the reactors. The discharge of 
the treated effluent was controlled by the operation of a 
valve via the sequencing controller. There were three 
discharge points in the reactor. They were located at 1/6, 
1/5 and 1/4 height from the bottom of the reactor. The normal 
discharge point was fixed at 1/5 of the height of the reactor 
from the bottom of the reactor. This was the height
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Plate 4.4 : Full Scale Sequencing Batch Reactor 
System
P l a t e  4 . 5  : D i s c h a r g e  p o i n t s
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Plate 4.4 : Full Scale Sequencing Batch Reactor 
System
Plate 4.5 : Discharge points
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Plate 4.8 : Final discharge for reuse in cooling 
tower
Plate 4.9 : Layout of conical shape diffusers
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determined from the results obtained in the laboratory 
studies. The lowest discharge point was used for sludge 
wastage when necessary.
The cycle time and the duration for each mode of operation 
were predetermined from the results obtained from the pilot 
plant study. All the operations including switching pumps and 
compressor on/off, opening of valves, etc. were controlled by 
a microprocessor based sequencing controller, as shown in 
Figure 4.7 (Plate 4.2). The programme can be easily changed 
on site to meet particular requirements. The reactor contents 
could be retained in the REACT mode until the desired 
effluent quality was attained. It was envisaged that after a 
period of operation, the desired cycle time could be 
forecasted based on the COD of the feed which was influenced 
by the refinery's production schedule.
The operating cycle could be changed to suit the refinery's 
operation schedule. To ascertain controlled conditions, daily 
measurements of pH, COD, DO and MLSS were carried out. The 
settling characteristics of the MLSS were also monitored at 
regular intervals, i.e. twice weekly. Because of the length 
of time required for its determination, BOD was determined 
occasionally. DO of the mixed liquor was measured by a 
portable DO meter (YSI Brand).
8 7
C HAPTER 5 R ESULTS AND D IS C U S S IO N
5.1 Introduction
This chapter presents in great detail the results and 
discussions of the experiments described in Chapter 4. The 
discussions will be presented according to the chronological 
sequence of the investigations, i.e. (i) laboratory study; 
(ii) pilot plant study and (iii) full scale (commercial) 
plant study.
The discussions on the laboratory study form the bulk of this 
chapter. This includes the start-up procedure and 
optimisation of the operating parameters. Except for the 
start - up experiments, the remaining experiments were 
grouped according to the strength (COD and BOD) of the feed 
solution. The performance assessment of each set of 
experiments will be highlighted. Pilot plant scale has also 
been carried out to confirm the observations made at the 
laboratory study and to generate more relevant data for the 
design of a commercial plant. Experience gained from the 
pilot plant scale is presented and used for the commercial 
plant operation.
5.2 Start - Up
In these laboratory scale start - up experiments, the seed 
sludge was obtained from an activated sludge process treating 
effluent from a palm oil refinery employing the physical
88
the refinery under study. Hence it can be assumed that the
sludge is fully acclimatised, i.e. the sludge can be used 
directly for the experiments.
The seed sludge obtained was light brown in colour. It had 
satisfactory settling characteristics with SVI of about 105 
ml/gm. However, no microbiological examination was carried 
out on the sludge.
At the start, the laboratory scale SBR process was operated
in a continuous manner. Sequence of operations is shown in 
Figure 5.1. FILL and REACT (aeration) modes commenced at the 
same time. When reactor was filled after 8 hours, the feed 
pump was stopped. Though REACT time was set at 20 hours, 
aeration continued until satisfactory treatment efficiency 
was achieved through COD analyses. pH was also monitored 
continuously at two hourly intervals.
5.2.1 Experiments 5.1 - 5.5
5.2.1.1 Characteristics of feed stock effluent
The main characteristics of the PORE (feed stock) collected 
were shown in Table 5.1. It was acidic with pH about 5. The 
average COD and BOD were about 648 and 262 mg/1 respectively. 
There was very little nitrogen. Urea was added to supplement
r e f i n i n g  p r o c e s s .
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the total nitrogen deficiency to the level as shown in Table 
5.1. The nitrogen concentration was a bit high. It exceeded 
the required ratio of BOD : N = 100 : 5. Phosphorus was
assumed to be sufficient as phosphoric acid was used in the 
degumming process before physical refining. The feed was 
quite clear with very little suspended solid or fatty matter. 
It can be said that the BOD is mainly contributed by the 
soluble organics.
No pH adjustment was made. It was intended to see if the 
process could have enough buffer to sustain the slightly low 
pH of the feed.
5.2.1.2 Process Performance
The results obtained from these experiments are summarised in 
Table 5.1. For these start - up experiments, it was intended 
to start up with high MLSS. The concentration of MLSS was 
maintained at about 5000 mg/l. This concentration of MLSS was 
about double that in the conventional activated sludge 
process. However this would be reduced to an optimal level 
in the subsequent experiments. It can be seen that in all 
the five experiments conducted, there was near complete 
removal of biodegradable organic carbon at the end of the 
REACT period. The average COD and BOD of the feed were of 
medium strength at about 648 mg/l and 262 mg/l respectively. 
The COD and BOD removal efficiencies were more than 85% and 
97% respectively. The COD, BOD and SS of the final discharge
9-1
1were 94 mg/1, 6 mg/1 and 9 mg/1 respectively. It could be
inferred that this was a highly purified discharge.
From the track results for experiments 5.3 and 5.5 which are 
given in Appendix 5.1 and 5.2 respectively, it can be seen 
that at two hours after filling started, the COD of the mixed 
liquor was already low at about 100 mg/1. It increased to 
about 150 mg/1 after further two hours and tapered off slowly 
to about 110 mg/1 when the FILL period was over. It remained
at about that level throughout the whole cycle. The BOD was\
below 10 mg/1 which was below the DOE discharge standard of 
50 mg/1. Throughout these experiments, the COD of the mixed 
liquor was never above 150 mg/1. This level was reached four 
hours after FILL period started and was maintained till the 
reactor was filled to the designed level. The BOD of the 
mixed liquor was also low (below 10 mg/1). These results
indicated that the SBR process was very efficient in removing 
the soluble organics as measured by COD or BOD.
The DO level at the start of the REACT period was very low. 
This was probably attributed to the fact that at the 
beginning of the aeration period, the respiration rate of the 
activated sludge was very high due to the rapid uptake of 
substrate and oxidation and the DO was decreased to almost 
zero. This was maintained nearly throughout the whole of FILL 
period. As the substrate utilisation progressed, the 
respiration rate of the activated sludge became smaller so 
that DO increased gradually towards the end of the FILL
9 2
period when most of the substrate had been utilised. The DO 
at the end of FILL period was about 4 mg/l which seemed a bit 
high as compared to the conventionally accepted or practised 
level of 2 mg/l. Very good mixing of the reactor content was 
achieved. The track results (Appendix 5.1 and 5.2) seemed to 
indicate that the aeration after FILL period was no more 
effective. Furthermore, too high an air supply at the end of 
the REACT period would disperse the sludge floes which would 
result in poor settling and the final discharge would contain 
high suspended solid. However, the results obtained seemed to 
show that the sludge floes were quite stable and settle w e l l . 
The final discharge contained very little suspended solids 
(about 10 mg/l).
Since the SBR process was so efficient in the removal of 
soluble substrate (BOD),, it was quite clear that the success 
or failure of such a system would be dependent upon the 
development and control of a bacterial population that would 
settle well. Those bacteria that did not settle well within 
the stipulated SETTLE period would be removed automatically 
during the DECANT period.
The low pH did not seem to affect the process efficiency. The 
pH of the final discharge was slightly above 7. This shows 
that the process is able to generate enough buffer 
(alkalinity) to sustain the acidic nature of the feed.
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5.2.1.3 Settling Characteristics of Mixed Liquor Suspended 
Solids
The concentration of MLSS in these five experiments were 
rather high. It ranged from 4900 mg/l to 5010 mg/l. The DO 
levels were maintained at about 4 mg/l at the end of FILL 
period. With such a high air flow rate, very good mixing of 
the reactor content was observed.
Throughout this phase of experiments, excellent settling 
characteristics of the MLSS were observed. The MLSS settled 
well within one hour. The supernatant was always very clear. 
Table 5.1 shows that the average SS of the final discharge 
was 9 mg/l. This indicated that the high air flow rate (high 
DO) did not have significant effect in dispersing the floe. 
Otherwise dispersed floes would render the supernatant cloudy 
and the discharge would contain high SS. The sludge had a 
golden brown colour, A typical settling characteristic of 
the MLSS is shown in Figure 5,1, The sludge had settled to an 
optimum level within 30 minutes. The sludge had a SVI of 
about 50 ml/g.
i
In conventional activated sludge process, sludge settling 
often poses problems to the plant designer and operator of 
the clarifier. The Jproblem may become more complex when a 
treatment plant treats variable wastes from domestic and 
different industrial sources. The settling characteristics of 
the sludge may vary from time to time depending on the 
characteristics and amount of the industrial wastes contained 
in the wastewater. This may influence the composition of the
9 5
microbial life of the floe which may alter the sludge density 
affecting the settling rate (Metcalf and Eddy, 1979).
Though the strength of the refinery effluent may change 
according to the production schedule, the basic 
characteristics of the effluent do not change because the 
refinery does not receive wastewaters from other sources 
except for rain water and wash water from the refining 
process. Wastewaters from other sources like offices, 
toilets, canteen, and laboratory are segregated. Hence the 
microbial composition is not expected to vary very much, if 
at all. Furthermore, in SBR process the settling takes place 
in the reactor under completely quiescent conditions. Thus 
the settling is not disturbed by the turbulence created by 
the flow of the wastewater as in the clarifier of the 
conventional activated sludge system. Therefore, the sludge 
is expected to settle well within 30 minutes as confirmed by 
the present study (Figure 5.1).
5.2.1.4 Sludge Wastage and Sludge Age
In conventional activated sludge process, the excess 
activated sludge produced each day must be wasted to 
maintain a constant concentration of MLSS and a constant 
sludge age or mean cell residence time (MCRT) . The most 
common practice is to thicken the activated sludge in the 
clarifier and to waste a portion of the sludge from the 
return-sludge line (Metcalf and Eddy, 1989).
9 6
In the SBR process, a separate clarifier for the purpose is 
not required. The sludge settles in the reactor itself. 
Sludge wastage could be effected, if necessary, by removing 
the required amount of thickened sludge during the IDLE 
period.
In these experiments, sludge was wasted through daily 
' sampling of the reactor content for MLSS analysis. 60 ml each 
of the reactor content was taken during the IDLE and near the 
end of the REACT period for the MLSS analysis. The average 
concentration of MLSS and settled solids were 5000 mg/l and 
18880 mg/l (Table 5.1). Therefore each day about 1433 mg 
(60x5000/1000 + 60x18880/1000) of the sludge were wasted from 
samplings. The suspended solid in the final discharge was 
very low, about 9 mg/l which amounted to about 54 mg. The 
total sludge wasted was about 1487 mg/l. This corresponded to 
a sludge age of about 27 days. This is longer than the 
conventional activated sludge process which normally has a 
sludge of 5 -15 days (Metcalf and Eddy, 1989) with a
concentration of MLSS of about 2000 mg/l.
It can be seen from Table 5.1 that there is no increase in 
the MLSS in these experiments. . It can be inferred that the 
sludge wasted was about equal to the sludge build-up for 
these experiments.
Very stable operation was observed throughout the 
experimental period which lasted over two months. Very
S-7
consistent results were obtained. Track results {Appendix 
5.1) show that the SBR process is very effective in treating 
the palm oil refinery wastewater. The aeration time can 
possibly be shortened without affecting the performance of 
the process.
5.3 Experiments
5.3.1 Experiments 5.6 - 5.24
5 . 3 .1.1 Cycle time 12 hours
From the track results of the start - up experiments 
(Appendix 5.1 and 5.2) it can be seen • that the COD of the 
mixed liquor throughout the 8-hour FILL period did not rise 
above 150 mg/1. This showed that very high degree of COD
removal efficiency could be obtained during FILL period. Also 
it was noted that prolonged aeration after the FILL period 
did hot improve significantly the quality of the mixed 
liquor, in terms of COD removal. Thus it could be inferred 
that both the FILL and REACT period could be shortened. In 
this series of experiments, the SBR was operated on 12-hour 
c y cle.
For this batch of experiments, the SBR was operated 
continuously, i.e. two cycles per day, for three months 
including weekends. However it must be mentioned here that 
only the performance of the first cycle was monitored through 
routine sampling and analysis during working days. No
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sampling was performed over the weekends. However enough feed 
solution was prepared for operation over the weekends. Only 
the final discharge of the second cycle was sometimes 
collected for analysis. The results were discarded if they 
were found to be not comparable with the results for first 
cycle discharge.
5.3.1.2 Characteristics Of Feed Stock Effluent
In this series of experiments, the characteristics in terms 
of COD and BOD of the feed stock varied quite a bit as shown 
in Tables 5.2 to 5.5. The average COD and pH' ranged from 665 
to 1180 mg/l and 4.4 to 5.0 respectively. The highest COD 
determined was 1330 mg/l in experiments 5.6 and 5.7. As was 
done before urea was added accordingly to supplement the 
nitrogen deficiency. No phosphorus was added as it had been 
shown in the start - up experiments that it was not 
necessary.
The COD of the feed for first batch of experiments (5.6 - 
5.9) was extremely high. It ranged from 960 mg/l to 1330 
mg/l. The fresh feed solution was observed to be a bit 
cloudy. It seemed to contain some oily matter and dirt in 
fine suspension. However it became clear after a day of 
storage before it was used for experiments. There was very 
little SS in the feed stock solution when it was used for the 
experiments.
The feed solution for the second batch of experiments
1 0 1
(experiments 5.10 to 5.14) had an average COD of 665 mg/l 
(ranging from 650 mg/l to 675 mg/l). It was acidic with 
average pH of 4.4 (Table 5.3). It was slightly milky.
The COD of the feed solution for the third batch of 
experiments (experiments 5.15 to 5.19) ranged from 930 mg/l 
to 960 mg/l. It was clear. The pH ranged from 4.5 to 5.0 
(Table 5.4).
The characteristics of the feed solution for experiments 5.20 
to 5.24 (Table 5.5) were similar to those of the second batch 
experiments (Table 5.3). The variations in COD was mainly due 
to the production schedule of the refinery. Different 
products were produced under different process conditions.
5.3.1.3 Process Performance
For experiments 5.6 to 5.9, the concentration of MLSS was 
maintained at an average of 6360 mg/l, which was higher than 
the amount used for the start - up experiments. There were 
some sludge build - up over the weekends and over the non 
sampling days. The DO was maintained at about 3.3 (average), 
which was slightly lower than that in the start - up 
experiments.
The results are shown in Table 5.2. It can be seen that even 
at such a high level of COD in the feed, very good and 
consistent COD (85%) and BOD (94%) removal efficiencies were 
achieved. The high MLSS might be one of the contributing 
factors. COD and BOD of the final discharge seemed to improve
102
gradually from cycle to cycle. However this was probably
dependent on the COD and BOD level of the feed which was
found to decrease slightly with time. The DO level seemed to
be sufficient. Mixing was observed to be adequate. The
reactor walls were brushed manually at regular intervals to 
clear of the microbial growth. The low pH of the feed did
not seem to affect the process performance. pH of the final
discharge was consistently neutral. The final discharge was 
very clear containing low suspended solids (average 28 mg/l). 
But it was slightly higher than that in the start - up 
experiments (experiments 5.1 - 5.5).
The results for experiments 5.10 to 5.14 are shown in Table
5.3. These experiments were carried out under similar 
conditions as in experiments 5.6 to 5.9, i.e. same sequence 
of operation, slightly lower levels of MLSS (average 5630 
mg/l) and slightly higher level of DO (average 4 mg/l). 
However the COD level of the feed solution was half of that 
of the earlier experiments (experiments 5.6 - 5.9). The
highest COD determined was 675 mg/l. It was thus not
surprising to note that the degree of treatment efficiency 
was also similar. The final discharge was, in fact, of higher 
quality as it contained lower suspended solid. The average 
COD and SS of the final discharge were 114 mg/l and 14 mg/l 
respectively. The final discharge from each experiment was 
very clear. This indicated that the MLSS had very good 
settling characteristics. The process performance was not
103
The track results for experiment 5.13 are shown in Appendix
5.3. It can be seen that the COD of the mixed liquor 
increased from 100 mg/l to 220 mg/l during the FILL period. 
It started to decrease to 100 mg/l towards the end of the 
REACT period. There was no significant reduction in COD after 
the FILL period. Prolonged aeration did not improve the COD 
removal efficiency. In fact, the mixed liquor had attained 
the discharge quality in terms of COD before the end of REACT 
period. In other words, the aeration time could be shortened.
The BOD of the mixed liquor at the end of REACT period was 15
mg/l which was lower than the Department of Environment's
discharge standard of 50 mg/l.
The sequence of operation for experiments 5.15 to 5.19 was 
changed to see the effect of shorter REACT time on the
performance of the SBR. The MLSS and DO were maintained at 
about the same concentrations at 5090 mg/l and 3.8 mg/l 
respectively. The FILL time was also maintained at 4 hours. 
The REACT time was reduced to 4 hours and. aeration started 
after FILL period as shown in Table 5.4 together with the 
process performance results (also Appendix 5.4).
The feed COD and BOD were a bit higher than the last batch of 
experiments with an average of 960 mg/l and 445 mg/l 
respectively. The nitrogen level was maintained at about 47 
mg/l. No phosphorus was added.
a f f e c t e d  b y  t h e  h i g h  v a r i a t i o n s  o f  COD o f  t h e  f e e d .
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operation did not seem to affect the overall performance of 
the SBR process. Despite the high level of COD and BOD of the 
feed, very high and consistent COD (85%) and BOD (99%) 
removal efficiencies were achieved. Results from these 
experiments show that the high COD of the feed seemed to 
produce high SS of the final discharge. Similar observation 
was obtained for experiments 5.6 to 5.9.
Except for the first experiment i.e. experiment 5.15, the 
final discharges of the rest of the experiments (5.16 to
5.19) were very clear with little SS, ranging from 13 mg/l to 
17 mg/l. The slightly higher SS (30 mg/l) of the final
discharge for experiment 5.15 could also contribute to the 
higher COD as compared to the rest of the experiments. These 
results show that the change of mode of operation (i.e. REACT 
after FILL) and shorter REACT period did not affect process 
performance and the settling characteristics of the sludge.
For the next series of experiments, i.e. experiments 5.20 to 
5.24, the REACT period was changed back to 8 hours. Aeration 
commenced at the start of FILL period. However, the MLSS was 
 ^reduced to almost half of the previous experiments, i.e. 
average of 26 00 mg/l. The DO was also reduced to a lower
level at an average of 2.7 mg/l. Urea was added a bit too 
much resulting in higher nitrogen level in the feed solution. 
The average nitrogen concentration amounted to an average of 
54 mg/l.
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The performance data for this series of experiments are shown 
in Table 5.5. For the first three experiments, i.e. 
experiments 5.20 to 5.22, the results were only satisfactory. 
The COD of the feed ranged from 700 to 750 mg/1. The removal 
efficiencies were not as good as before. The final discharge 
was cloudy with high SS (20 to 24 mg/1). The pH of the mixed 
liquor was a bit low at 6.8 for the first two experiments. 
This could be due to the low DO level (2.5 -3.1 mg/1) and/or 
low MLSS. Poor mixing was also observed.
In the subsequent experiments, 5.23 and 5.24, the DO level 
was adjusted to 3.4 mg/1 by increasing the air flow rate and 
cleaning of the diffuser stones. The MLSS was maintained at 
about 2630 to 2700 mg/1. It can be seen that the performance 
of the process had improved significantly. Very good quality 
final discharge was produced. It contained low SS (7 to .10 
mg/1), COD (100 mg/1) and BOD (10 to 20 mg/1). The pH had 
also returned to normal at 7.2 -7.3. Very good settling
characteristics were also observed. The SVI for sludge taken 
from experiment 5.24 was 48 ml/g. This showed that DO had a 
more pronounced effect on the SBR process performance.
The track results for experiment 5.23 are shown in Appendix
5.5. They were similar to the previous track results. The 
quality of the mixed liquor has reached the DOE's discharge 
standard at the end of the REACT period. Further aeration 
did not improve the quality of the final discharge very much.
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From this series of experiments, it can be concluded that 
a 12 - hour operating cycle with 4 hours FILL time, 4 to (3 
hours REACT time and sufficient air flow to maintain a DO
level above 3.0 mg/1, the SBR process could produce good
quality final discharge. Track results for experiments 5.17 
and 5.23 had shown that the COD and BOD of the mixed liquor- 
had been reduced to an acceptable level for discharge. 
Further aeration did not seem to improve very significantly 
the mixed liquor quality. So far no sludge bulking was 
experienced. Very stable operation was achieved. Therefore it 
can be inferred that the 12-hour cycle time, with 4-hour FILL
and 4 to 8-hour REACT time is able to produce very good
quality final discharge.
5.3.2 Experiments 5.25 - 5.27
5. 3 . 2 .1 Cycle time i_ LO hours
In the next series of experiments it was intended to operate 
the SBR at 10 - hour cycle. The FILL and REACT times were set 
at 6 hours respectively. SETTLE and DECANT and IDLE remained 
unchanged at 2 hours each. The sequence of operation is shown 
in Table 5.6. The MLSS and DO of the mixed liquor were 
maintained at about 2290 mg/1 and 2.7 mg/1 respectively which 
were similar to that of the last few experiments for the 12 - 
hour cycle. It must be mentioned here that the 10 - hour 
cycle was not popular or practical with the industrial 
operation.
1 0 9
5 . 3 . 2 . 2  C h a r a c t e r i s t i c s  o f  f e e d  s t o c k  s o l u t i o n
For this batch of experiments, the raw feed collected from 
the refinery was exceptionally dilute. It had very low COD 
and BOD (average of 240 mg/1 and 53 mg/1 respectively) as 
shown in Table 5.6. This could probably due to rain and 
surface run - off water getting into the oil recovery pit. 
However the pH was normal at about 5.0. The fresh feed 
solution collected appeared to be quite dirty but it was 
quite clear when it was used for the experiments. The dirt 
had settled to the bottom of the container during storage.
5.3.2.3 Process performance
The intended experiments on 10 - hour cycle were discontinued 
after one week operation because of impracticality of the 
cycle time in actual operation. Extra operator attention was 
required. Results of the three cycles were presented in Table
5.6, It can bee seen that very good COD and BOD removal 
efficiencies could be obtained. In fact the BOD of the final 
discharge was consistently undetectable. The final discharge 
was very clear with very low SS. This could probably due to 
the exceptionally dilute feed solution.
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5.3.3.1 Cycle time y  8 hours
In this series of experiments, the FILL and REACT times were 
► reduced to four hours each. The times for other operations
remained the same. The sequence of operation and the 
performance results are shown in Tables 5.7 to 5.9. The SBR 
was operated on a continuous manner. In other words, three 
8-hour~cycles were operated in 24 hours. As was done before, 
only the day cycle operation was monitored as usual. The 
quality of the first cycle final discharge was compared with 
that of the composite (final discharge) sample of the next 
two cycles.
5.3.3.2 Characteristics Of Feed Stock Effluent
The remaining raw feed left from last batch of experiments 
was used for experiments 5.2 8 - 5.32. The average pH, COD 
and BOD were 4.9, 240 and 60 mg/1 respectively. The nitrogen 
level was also reduced to about 24 mg/1 by adding less urea 
to the feed solution. The MLSS was maintained at about 24 5 0 
mg/1 as in the experiments for 10 - hour cycle.
New batch of raw feed stock solution was collected for 
experiments 5.33 to 5.37. The characteristics of the feed 
solution are shown in Table 5.8. It can be seen that there
5 . 3 . 3  E x p e r i m e n t s  5 . 2 8  -  5 . 4 2
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was not very much difference between this batch of feed and 
the last batch in terms of COD and BOD. The average values 
for COD and BOD were 260 mg/l and 110 mg/l respectively. 
However the pH for this batch of feed was a bit lower (4.2) 
than that of the last one. The nitrogen level for this series 
of experiments was further reduced to about 14 mg/l. This was 
to establish whether a lower nitrogen level would affect the 
treatment efficiency of the process. The feed stock used for 
this series was clear. The concentration of MLSS for this 
series of experiments was about 2570 mg/l.
Another batch of feed stock solution was collected for the 
next series of experiments (experiments 5.38 to 5.42). The
average pH, COD and BOD of the feed solution for experiments
5.3 8 to 5.42 were 5.4, 49 0 and 210 respectively as shown in
Table 5.9. The pH of the feed stock was high. Also the COD 
and BOD of the feed stock were about double that for the
earlier experiments (Tables 5.7 to 5.8). The feed stock 
solution was very clear. The nitrogen level was also 
adjusted accordingly to about 43 mg/l as shown in Table 5.9. 
The concentration of MLSS for this series of experiments was 
about 2610 mg/l.
5.3.3.3 Process Performance
The performance results for experiments 5.28 to 5.32 were 
summarised in Table 5.7. It can be seen that despite the 
short REACT time, very good removal efficiencies were
113
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obtained for COD and BOD. The final discharge contained very 
low COD (average 50 mg/l) and BOD (average 3 mg/l) and SS (5 
mg/l). This could be due to the exceptionally low COD and 
BOD in the raw feed solution. Though the pH of the feed 
solution was also low, it did not affect the treatment 
efficiency. The pH of the final discharge was 7.0. Very 
stable process operation had been obtained.
Similar performance results were obtained for experiments
5.33 to 5.37 as shown in Table 5.8. Though highly purified 
final discharge was obtained, the quality of the discharge 
for this series of experiments was slightly inferior as 
compared to that of the last series of experiments in terms 
of COD and BOD. The average COD and BOD of the final 
discharge were 75 and 5 mg/l respectively. The pH of the 
final discharge for the first four experiments (experiments
5.33 - 5.36) were also slightly lower (pH ranged from 6.4 to 
6.8). It seemed to have recovered in the last experiment 
(experiment 5.37). The lower pH and nitrogen content of the 
feed solution might have affected the process performance 
however insignificant it might be. Generally, the final 
discharge was very clear with very little SS (average of 6 
m g /1).
However it was observed that the mixed liquor for experiment
5.33 appeared to be a bit cloudy after SETTLE period. Some 
fine sludge was seen floating around. This has resulted in a 
slightly higher SS in the final discharge. It could be
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probably due to the higher DO (3.5 mg/l) i.e. higher air flow 
rate for this experiment. With such a low MLSS in the 
reactor, it was likely that the sludge (floe) would be 
dispersed by the air. The dispersed floe was too fine and 
light to settle.
The air flow rate was reduced in the subsequent experiments 
(5.34 to 5.37) to keep the DO below 3.0 mg/l. It could be 
seen that very significant, though gradual, improvement (in 
terms of S S ) was observed. The settling characteristics of 
the sludge had also improved very much for the last three 
experiments in this series.
Experimental results ( experiments 5.28 to 5.42) show that 
with such a low COD in the feed solution, the SBR has no 
problem in producing highly purified final discharge in terms 
of COD and SS.
The performance results for experiments 5.38 to 5.42 were 
summarised in Table 5.9. Despite the high COD and BOD 
(average 490 and 210 mg/l respectively) of the feed stock 
solution, the process continued to produce highly purified 
final discharge. The COD, BOD and SS of the final discharge 
were 120 mg/l, 6' mg/l and 4 mg/l respectively.
With MLSS and DO levels maintained at about 2610 mg/l and 2.8 
mg/l respectively, the sludge settled well and fast. The 
final discharge was very clear with little SS (average 4 
mg/l). This seemed to confirm the earlier observation that
1 1 7
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high DO (i.e. air flow rate) would affect the settling of the 
sludge.
The track results for experiment 5.41 are shown in Appendix
5.6. It can be seen that very efficient COD removal was 
obtained at the very early stage. With the feed stock 
solution COD., at 490 mg/l, the COD of the mixed liquor never 
rose above 200 mg/l. The BOD of the mixed liquor at the end 
of REACT period was 20 mg/l. It had met the D O E ’s discharge 
standard, i.e. it could be discharged directly. No further 
treatment was required.
From the above investigations it can be seen that SBR process 
has been proven to be a very versatile process which can 
sustain a high fluctuation of characteristics in terms of COD 
or BOD of the feed. Organic removal has also been 
demonstrated to be very effective. The operation has been 
very stable and simple. There was no hydraulic variation. 
This could probably explain why the process could produce 
consistently highly purified final discharge. The desired 
degree of treatment could be achieved through appropriate 
selection of timing for cycle components.
5.3.3.4 Sludge Wastage And Sludge Age
As was practised in the start - up procedure, the sludge 
wastage was not done deliberately but incidentally through 
daily sampling process. For each cycle 60 ml sample was taken 
from the reactor mixed liquor just before FILL and 60 ml was
119
taken just before the end of the REACT period for MLSS 
analysis. It was found that this was enough to maintain the 
MLSS at the desired level of MLSS under study. Thus it could 
be said that the amount of sludge build-up from these 
laboratory scale experiments was about equal to the amount of 
sludge wasted in this manner. The amount of sludge wasted per 
cycle and the respective sludge age for the experiments are 
given in Table 5.10. It can be seen that, the average sludge 
age for all the experiments was 25 days. This has produced 
consistently highly purified filial discharge. The average BOD 
of the final discharge was about 13 mg/l. Throughout the 
experimental period, only a few experiments produced final 
discharge having a BOD of more than 50 mg/l, the DOE's 
discharge standard.
Table 5.10 also shows the sludge ages together with the SVI 
of the various series of experiments. It can be seen that 
with the sludge age maintained at about 25 days, very good 
settling characteristics were obtained. The SVI had never 
increased to more than 55 ml/gin. The viability of the sludge 
was checked occasionally. The MLVSS was found to consistently 
above 80% of MLSS.
Because of the periodic nature of the SBR operation the value 
of sludge age as a useful control parameter has not been 
established. Furthermore since the volume of the sludge after 
settling can be predetermined by changing the height of the 
discharge point, this will control the maximum MLSS
1-20
JabbJJ.L;.S]iidgg-.wast.ag£..and..sltidgg..a6S
Experiments Cycle Time 
(hours)
Sludge W asted 
(mg/cycle)
Sludge age 
(days)
Discharge 
BOD (mg/l)
SVI
(ml/gm)
5.1 -5 .5 24 1476 27 6 50
5 .6 - 5 , .9 12 1954 26 25 53
5 .1 0 -5 .1 4 12 1642 27 10 50
5 .1 5 -5 .1 9 12 1536 . 26 6 53
5.20 - 5.24 12 1894 23 60 48
5.25 - 5.27 10 827 22 0 46
5.28 - 5.32 8 846 26 3 40
5.33 - 5.37 8 1258 24 5 43
5.38 - 5.42 8 796 26 6 45
Average 25 13 48
BOD - Biochemical Oxygen Demand 
SVI - Sludge Volume Index
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concentration in the reactor. The desired MLSS concentration 
will again depend on the degree of treatment efficiency 
required. In all the above experiments, the sludge was 
allowed to settle for two hours before decanting. Therefore, 
any sludge that was above the discharge point would be 
decanted. Thus the optimum level of MLSS was always 
maintained. However the viability of the MLSS would have to 
be determined if the treatment efficiency was in a downward 
trend for a few cycles.
5.3.3.5 Settling characteristics of the sludge
Solids separation is considered as the most important aspect 
of biological oxidation process. It is axiomatic that if the 
solids cannot be separated from mixed liquor, the process 
will not function properly. This is particularly so for 
activated sludge process which relies heavily on the active 
sludge.
The settling characteristics of the sludge for all the
experiments were investigated. Typical settling curves for 
the experiments were presented in Figures 5.2, 5.3 and 5.4
for MLSS concentrations at 2500 mg/l, 3800 mg/l and 4200
mg/l respectively. It can be seen that excellent settling 
characteristics were observed in all cases under study. A
very distinct sludge -supernatant layer could be seen. This
performance was obviously attributed to the near - ideal 
quiescent conditions that occurred during the SETTLE period.
122
F
ig
.5
.2
 
S
e
tt
li
n
g
 
C
h
a
r
a
c
te
r
is
ti
c
s
 
of
 
M
L
S
S
o o o o o o o o o o
o o o o o o o o o o
o  1— <J) CO > CD LO rt- CO CXJ
T*'
123
SV
I 
■ 
56 
m
l/g
 
ML
SS
 
* 
Mi
xe
d 
Li
qu
or
 
Su
sp
en
de
d 
So
lid
s 
SV
I 
* 
Sl
ud
ge
 
Vo
lu
m
e 
In
de
x
F
ig
.5
.3
 
S
e
tt
li
n
g
 
C
h
a
r
a
c
te
r
is
ti
c
s
 
of
 
M
L
S
S
o o O o O O o O
o o O o O O o o
o CD CO TO- CD IO rh CO
1 2 4
SV
I 
* 
55 
m
l/g
 
ML
SS
 
* 
M
ix
ed
 
Li
qu
or
 
Su
sp
en
de
d 
So
lid
s 
SV
I 
■ 
Sl
ud
ge
 
Vo
lu
m
e 
In
de
x
F
ig
.5
.4
 
S
e
tt
li
n
g
 
C
h
a
r
a
c
te
r
is
ti
c
s
 
of
 
M
L
S
S
o o O o o o o o o o
o o O o o o o o o o
oT“
CD CO > CO LO Tf CO C\J T~
125
SV
I 
■ 
52 
m
l/g
 
ML
SS
 
* 
Mi
xe
d 
Li
qu
or
 
Su
sp
en
de
d 
So
lid
s 
SV
I 
* 
Sl
ud
ge
 
Vo
lu
m
e 
In
de
x
I n  f a c t  t h e  s l u d g e  h a d  s e t t l e d  t o  a l m o s t  f i n a l  l e v e l  w i t h i n  
3 0  m i n u t e s .  O n l y  o n  a  f e w  o c c a s i o n s  w h e r e  t o o  h i g h  a n  a i r  
f l o w  r a t e  r e s u l t e d  i n  s o m e  d i s p e r s i o n  o f  f l o e  w h i c h  r e n d e r e d  
t h e  s u p e r n a t a n t  c l o u d y .  T h i s  w a s  e n c o u n t e r e d  i n  e x p e r i m e n t s  
w i t h  M L S S  o f  a b o u t  2 5 0 0  m g / l .  T h i s  p r o b l e m  d i s a p p e a r e d  w h e n  
t h e  a i r  f l o w  r a t e  w a s  r e d u c e d  t o  a  l o w e r  l e v e l  a s  d i s c u s s e d  
i n  s e c t i o n  5 . 3 . 3 . 3 .
N o  s l u d g e  b u l k i n g  w a s  e n c o u n t e r e d  i n  a l l  t h e  e x p e r i m e n t s  
c o n d u c t e d .  T h e  c a u s e s  o f  s l u d g e  b u l k i n g  t h a t  a r e  m o s t  
c o m m o n l y  c i t e d  i n  t h e  l i t e r a t u r e  ( M e t c a l f  a n d  E d d y ,  1 9 7 9 )  a r e  
r e l a t e d  t o  :
i )  t h e  p h y s i c a l  a n d  c h e m i c a l  c h a r a c t e r i s t i c s  o f  t h e  
e f f l u e n t ,
i i )  t r e a t m e n t  p l a n t  d e s i g n  l i m i t a t i o n s ,  a n d
i i i )  p l a n t  o p e r a t i o n .
T h e  p h y s i c a l  a n d  c h e m i c a l  c h a r a c t e r i s t i c s  o f  t h e  p a l m  o i l  
r e f i n e r y  e f f l u e n t  d o  n o t  v a r y  m u c h  e x c e p t  t h e  o r g a n i c  
c o n t e n t .  T h e  t r e a t m e n t  p l a n t  i n  t h e  r e f i n e r y  d o e s  n o t  t r e a t  
e f f l u e n t  f r o m  o t h e r  i n d u s t r i a l  s o u r c e s .  T h e r e f o r e  t h e r e  i s  n o  
r i s k  o f  t h e  e f f l u e n t  c o n t a i n i n g  t o x i c  c h e m i c a l s  o r  o t h e r  
i n h i b i t i n g  s u b s t a n c e s  w h i c h  w i l l  a f f e c t  t h e  p e r f o r m a n c e  o f  
t h e  t r e a t m e n t  p r o c e s s .
T h e  f l u c t u a t i o n s  o f  o r g a n i c  w a s t e  l o a d  c a n  b e  p r e d i c t e d  f r o m  
t h e  r e f i n e r y ' s  o p e r a t i o n a l  s c h e d u l e .  O t h e r  o p e r a t i o n  
p a r a m e t e r s  l i k e  d i s s o l v e d  o x y g e n  l e v e l ,  n u t r i e n t  d e f i c i e n c y
1 2 6
( N  a n d  P )  a n d  p H  w h i c h  c a n  a f f e c t  t h e  p r o c e s s  p e r f o r m a n c e  
c a n  b e  e a s i l y  c o n t r o l l e d  a n d  a d j u s t e d .
T h e  f l u c t u a t i o n s  i n  f l o w  a n d  o r g a n i c  l o a d  c a n  b e  d a m p e n e d  
e f f e c t i v e l y  b y  h a v i n g  a n  e q u a l i s i n g  t a n k  p r i o r  t o  t h e  
r e a c t o r .  T h e  n e c e s s a r y  a d j u s t m e n t s  o f  p H  a n d  n u t r i e n t  b a l a n c e  
c a n  b e  c a r r i e d  o u t  a t  t h e  e q u a l i s a t i o n  t a n k .  T h u s  a  v e r y  
s t a b l e  o p e r a t i o n  c o u l d  b e  e x p e c t e d  o f  t h e  S B R  p r o c e s s .  A l s o  
b e c a u s e  b a t c h  s y s t e m s  a r e  n o t  d e s i g n e d  t o  b e  o p e r a t e d  u n d e r  
s t e a d y - s t a t e  c o n d i t i o n s  f l u c t u a t i o n s  i n  t h e  f o r c i n g  f u n c t i o n s  
c a n  b e  m o r e  e a s i l y  h a n d l e d  b y  t h e  d y n a m i c  n a t u r e  o f  t h e  
p r o c e s s .
F r o m  t h e  a b o v e  e x p e r i m e n t s ,  i t  w a s  q u i t e  c l e a r  t h a t  t h e  p H  o f  
t h e  f e e d  s t o c k  d i d  n o t  a f f e c t  t h e  p r o c e s s  p e r f o r m a n c e .  I t  
a p p e a r e d  t h a t  h i g h e r  C O D  o f  t h e  f e e d  a n d  h i g h e r  M L S S  t e n d e d  
t o  p r o d u c e  h i g h e r  S S  i n  t h e  f i n a l  d i s c h a r g e .  F o r  s t a b l e  
o p e r a t i o n ,  w i t h  M L S S  a t  a b o u t  2 5 0 0  m g / l  a n d  DO l e v e l  a t  a b o u t
2 . 5  m g / l ,  t h e  S B R  p r o c e s s  c o u l d  p r o d u c e  v e r y  c l e a r  f i n a l  
d i s c h a r g e ,  w i t h  S S  l e s s  t h a n  1 0  m g / l .
D e n n i s  a n d  I r v i n e  ( 1 9 7 9 )  r e p o r t e d  t h a t  t h e  s e t t l i n g  
c h a r a c t e r i s t i c s  f o r  o r g a n i s m s  d e v e l o p e d  i n  a  s e m i - b a t c h  
r e a c t o r  d e p e n d e d  u p o n  t h e  F I L L  : R E A C T  r a t i o ,  w h i c h  i n  t u r n  
a f f e c t e d  t h e  m a x i m u m  s u b s t r a t e  t e n s i o n  i n  t h e  r e a c t o r .  T h e  
p r o p e r  d e s i g n  o f  a  s e m i - b a t c h  r e a c t o r  o b v i o u s l y  d e p e n d s  u p o n  
t h e  d e v e l o p m e n t  o f  m i c r o o r g a n i s m s  w i t h  s a t i s f a c t o r y  s e t t l i n g  
c h a r a c t e r i s t i c s .
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I t  w a s  a l s o  o b s e r v e d  f r o m  t h e s e  e x p e r i m e n t s  t h a t  t h e  l e v e l s  
o f  C O D  o r  B O D  o f  t h e  f e e d  d i d  n o t  s e e m  t o  a f f e c t  t h e  q u a l i t y  
v e r y  m u c h ,  i n  t e r m s  o f  S S  o f  t h e  f i n a l  d i s c h a r g e .  T h i s  s e e m s  
t o  c o n t r a d i c t  w h a t  H o e p k e r  a n d  S c h r o e d e r  ( 1 9 7 9 )  h a v e  f o u n d  
u s i n g  a  s y n t h e t i c  f e e d  s u b s t r a t e .  F o r  a  2 4 ~ h o u r  o p e r a t i n g  
c y c l e ,  t h e y  h a v e  f o u n d  t h a t  f o r  b a t c h  s y s t e m  ( 0  F i l l  t i m e ) ,  
t h e  S S  o f  t h e  f i n a l  d i s c h a r g e  i n c r e a s e d  s h a r p l y  w i t h  
i n c r e a s i n g  f e e d  t o t a l  o r g a n i c  c a r b o n  ( T O C ) . F o r  t h e  s e m i b a t c h  
s y s t e m ,  t h e  S S  o f  t h e  • f i n a l  d i s c h a r g e  w a s  a l s o  s e e n  t o  h a v e  
i n c r e a s e d  m a r g i n a l l y  w i t h  i n c r e a s i n g  f e e d  T O C .
I n  t h e i r  i n v e s t i g a t i o n ,  t h e  s l u d g e  w e r e  a l l o w e d  t o  s e t t l e  f o r  
t w o  h o u r s  b e f o r e  d e c a n t i n g .  T h o u g h  t h e r e  w a s  n o  m e n t i o n  o f  
I D L E  p e r i o d  s p e c i f i c a l l y ,  t h e  S E T T L E  p e r i o d  c o u l d  e n c o m p a s s  
p a r t  o f  t h e  I D L E  t i m e  w h i c h  m i g h t  n o t  b e  l o n g  e n o u g h  t o  h a v e  
m u c h  e f f e c t  o n  t h e  m i c r o b i a l  g r o w t h .  I t  w a s  q u i t e  p o s s i b l e  
t h a t  t h e  t w o  h o u r s  I D L E  p e r i o d  i m p o s e d  o n  t h e  s y s t e m  i n  t h e  
p r e s e n t  s t u d y  c o u l d  a f f e c t  t h e  s l u d g e  c h a r a c t e r i s t i c s .  T h i s  
w a s  b e c a u s e  t h e  a n a e r o b i c  c o n d i t i o n  d u r i n g  t h e  I D L E  p e r i o d  
w o u l d  b e  e x p e c t e d  t o  d e c r e a s e  t h e  f i l a m e n t o u s  b a c t e r i a  
p o p u l a t i o n  b e c a u s e  o f  a n a e r o b i o s i s  a n d  b e c a u s e  o f  t h e  h i g h e r  
o r g a n i c  c o n c e n t r a t i o n s  w h e n  a e r a t i o n  s t a r t e d  ( I r v i n e ,  1 9 7 7  
c i t e d  i n  H o e p k e r  a n d  S c h r o e d e r ,  1 9 7 9 ) .  N o  d e f i n i t e  t r e n d  o r  
r e l a t i o n s h i p  o f  S S  o f  t h e  d i s c h a r g e  a n d  f e e d  C O D  w a s  o b s e r v e d  
i n  t h i s  s t u d y .
I n  t r e a t i n g  h i g h  s t r e n g t h ,  m i x e d  p h e n o l i c  w a s t e ,  B r e n n e r  e t  
a l .  ( 1 9 9 2 . )  r e p o r t e d  t h a t  i n c l u s i o n  o f  a n o x i c  p e r i o d s  ( 2
1 2 8
"Concentration Gradient" in this context means that the 
Mixed Liquor Suspended Solids (MLSS) in the reactor decreases w ith 
time during FILL period. For instance, the concentration o f  M LSS at 
the begining o f  FILL is (say) 10,000 mg/L, it will be reduced to  about 
2000 mg/L at the end o f  FILL.
h o u r s )  o r  i n c r e a s i n g  t h e  o r g a n i c  l o a d  w a s  v i a b l e  o p t i o n s  f o r  
c o n t r o l l i n g  s l u d g e  p r o p e r t i e s .  T h e  t o t a l  a n o x i c  F I L L ,  S E T T L E ,  
D R A W  a n d  I D L E  t i m e  w a s  4  h o u r s .  H o w e v e r ,  a n  e x t e n d e d  a n o x i c  
p e r i o d  ( 5  h o u r s )  i n  t h e  o p e r a t i n g  c y c l e  o f  t h e  S B R  c o u l d  a l s o  
p r o d u c e  t h e  e x p e c t e d  c o n t r o l  o v e r  f i l a m e n t s  b u t  r e s u l t e d  i n  
r e l a t i v e l y  p o o r  C O D  r e m o v a l s  d u e  t o  t h e  a c c u m u l a t i o n  o f  
e x t r a c e l l u l a r  i n t e r m e d i a t e s  f r o m  a n o x i c  r e a c t i o n s .  T h i s  w o u l d  
a f f e c t  t h e  o v e r a l l  p e r f o r m a n c e  o f  t h e  S B R .  B r e n n e r  a t  a l .  
( 1 9 9 2 )  h a v e  a l s o  s h o w n  t h a t  t h e  p e r f o r m a n c e  o f  t h e  S B R ,  
o p e r a t i n g  u n d e r  s i m i l a r  c o n d i t i o n s  w a s  n o t  a f f e c t e d  b y  t h e  
M L S S  c o n c e n t r a t i o n .  T h e  M L S S  c o n c e n t r a t i o n  i n  t h e i r  s t u d y  
r a n g e d  f r o m  3 4 0 0  m g / l  t o  5 9 0 0  m g / l .  T h e  r e l a t i o n s h i p  b e t w e e n  
M L S S  c o n c e n t r a t i o n s  a n d  S B R  p e r f o r m a n c e  w a s  n o t  s t u d i e d .
I n  t h e  p r e s e n t  s t u d y ,  t h e  t o t a l  S E T T L E ,  D E C A N T  a n d  I D L E  t i m e s  
w e r e  4  h o u r s .  V e r y  s i m i l a r  o b s e r v a t i o n s  w e r e  o b t a i n e d  i n  
t e r m s  o f  C O D  r e m o v a l  e f f i c i e n c y  a n d  s l u d g e  s e t t l i n g  
p r o p e r t i e s  e v e n  t h o u g h  t h e r e  w e r e  h i g h  f l u c t u a t i o n s  i n  t h e  
C O D  o f  t h e  f e e d .  T h e  M L S S  c o n c e n t r a t i o n s  d i d  n o t  s e e m  t o  
a f f e c t  t h e  S B R  p e r f o r m a n c e .
C h o d o b a  ( 1 9 7 3 a ,  1 9 7 3 b )  r e p o r t e d  t h a t  t h e  g r o w t h  o f
f i l a m e n t o u s  o r g a n i s m s ,  a n d  t h u s  t h e  b u l k i n g ,  w a s  s u p p r e s s e d  
w h e n  a  c o n c e n t r a t i o n  g r a d i e n t  e x i s t e d  i n  a  r e a c t o r  s y s t e m .  
S u c h  a  g r a d i e n t  e x i s t e d  i n  p l u g - f l o w  a n d  b a t c h  r e a c t o r s  b u t  
n o t  i n  c o m p l e t e l y  m i x e d  r e a c t o r s .  P a s v e e r  ( 1 9 6 9 )  f o u n d  t h a t  
i n t e r m i t t e n t  o r  d i s c o n t i n u o u s  f e e d i n g  t o  a n  o x i d a t i o n  d i t c h  
h e l p e d  t o  a l l e v i a t e  b u l k i n g ,  p a r t l y  b e c a u s e  o f  t h e  h i g h
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c o n c e n t r a t i o n  o f  s u b s t r a t e  i n  t h e  d i t c h  d u r i n g  t h e  f i l l  
p e r i o d .  H o w e v e r  D e n n i s  a n d  I r v i n e  ( 1 9 7 9 )  h a d  s h o w n  t h a t  t h e  
b u l k i n g  p h e n o m e n o n  c o u l d  n o t  b e  c o m p l e t e l y  e x p l a i n e d  b y  t h e  
e x i s t e n c e  o r  n o n - e x i s t e n c e  o f  a  c o n c e n t r a t i o n  g r a d i e n t .  T h e r e  
w e r e  o t h e r  f a c t o r s  i n v o l v e d .  F r o m  t h e i r  s t u d i e s  i t  w a s  
e v i d e n t  t h a t  t h e  F I L L  : R E A C T  r a t i o  a f f e c t e d  t h e  s l u d g e
s e t t l e a b i l i t y  t o  s o m e  e x t e n t .  T h e  e x t e n t  t o  w h i c h  t h e  s l u d g e  
s e t t l e a b i l i t y  w a s  a f f e c t e d  b y  t h e  o p e r a t i o n  m o d e  i n  s e m i ­
b a t c h  t r e a t m e n t  w a s  n o t  f u l l y  u n d e r s t o o d .
5 . 3 . 3 . 6  E f f e c t  o f  F I L L  ± R E A C T  R a t i o
T h e  e f f e c t  o f  t h e  F I L L  : R E A C T  r a t i o  f o r  a  p a r t i c u l a r
o p e r a t i n g  c y c l e  w a s  n o t  f u l l y  i n v e s t i g a t e d  t o  t h e  l i m i t  i n  
t h i s  s t u d y .  H o w e v e r  f r o m  t h e  r e s u l t s  o b t a i n e d  s o  f a r  t h e  F I L L  
: R E A C T  r a t i o  d i d  n o t  s e e m  t o  h a v e  m u c h  e f f e c t  o n  t h e  
s e t t l i n g  c h a r a c t e r i s t i c s  o f  t h e  s l u d g e .  T h e  s l u d g e  s e e m e d  t o  
s e t t l e  v e r y  w e l l  f o r  a l l  t h e  e x p e r i m e n t s  c o n d u c t e d  e x c e p t  o n  
a  f e w  o c c a s i o n s  w h e r e  d i s p e r s e d  f l o e s  w e r e  o b s e r v e d  b e c a u s e  
o f  h i g h  D O o r  a i r  f l o w  r a t e .  T h i s  h a d  r e s u l t e d  i n  h i g h  S S  i n  
t h e  f i n a l  d i s c h a r g e .  B u t  n o  s l u d g e  b u l k i n g  w a s  e n c o u n t e r e d  i n  
a l l  t h e  e x p e r i m e n t s .  D e n n i s  a n d  I r v i n e  ( 1 9 7 9 )  h a v e  s h o w n  i n  
t h e i r  s t u d y  t h a t  f o r  a  F I L L  a n d  R E A C T  t i m e  o f  6  h o u r s ,  t h e  
s l u d g e  s e t t l i n g  c h a r a c t e r i s t i c s  b e c a m e  p o o r e r  a s  t h e  F I L L  : 
R E A C T  r a t i o  i n c r e a s e d ,  i . e .  t h e  s l u d g e  s e t t l e d  b e t t e r  f o r  t w o  
h o u r  F I L L ,  f o u r  h o u r  R E A C T  t h a n  t h a t  f o r  f i v e  h o u r  F I L L ,  o n e  
h o u r  R E A C T .  H o w e v e r  t h i s  c o u l d  p o s s i b l y  b e  a t t r i b u t e d  t o  t h e  
i n a d e q u a t e  R E A C T  t i m e .  T h e  o b s e r v a t i o n  c o u l d  b e  e x p l a i n e d
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o t h e r w i s e ,  i . e .  t h e  s e t t l i n g  c h a r a c t e r i s t i c s  o f  t h e  s l u d g e  
i m p r o v e d  w i t h  i n c r e a s i n g  R E A C T  t i m e  p r o v i d e d  a d e q u a t e  b u t  n o t  
e x c e s s i v e  D O w a s  m a i n t a i n e d  i n  t h e  m i x e d  l i q u o r .
F r o m  t h e  e x p e r i m e n t a l  r e s u l t s  i n  t h i s  s t u d y ,  i t  a p p e a r e d  t h a t  
t h e  F I L L  p e r i o d  d i d  n o t  h a v e  m u c h  e f f e c t  o n  t h e  s o l u b l e  
o r g a n i c  s u b s t r a t e  r e m o v a l  e f f i c i e n c y  o r  s e t t l i n g  
c h a r a c t e r i s t i c s  o f  t h e  s l u d g e .  I n  t h i s  r e s p e c t ,  t h e  t i m e  
a l l o w e d  f o r  t h e  R E A C T  p e r i o d  w a s  m o r e  i m p o r t a n t .  L o n g e r  R E A C T  
t i m e  w o u l d  b e  r e q u i r e d  f o r  h i g h  s t r e n g t h  w a s t e w a t e r .  D u r i n g  
t h e  R E A C T  p e r i o d  i t  w a s  i m p o r t a n t  t o  e n s u r e  t h a t  s u f f i c i e n t  
a i r  w a s  i n t r o d u c e d  i n t o  t h e  r e a c t o r  s y s t e m .
5 . 3 . 3 . 7  L o a d i n g  R a t e s
O r g a n i c  l o a d i n g  r a t e s  o r  f o o d - t o - m i c r o o r g a n i s m s  ( F M )  r a t i o s  
w e r e  c o m p u t e d  u s i n g  a v e r a g e  C O D  a n d  B O D  d a t a  s h o w n  i n  T a b l e s
5 . 2  t o  5 . 9 .  T h e  d a i l y  f e e d  r a t e  w a s  s i x  l i t r e s .
F o r  c o n v e n t i o n a l  a c t i v a t e d  s l u d g e  p r o c e s s e s ,  l o a d i n g  r a t e s  
v a r y  f r o m  0 . 2  t o  0 . 4  k g  B O D  a p p l i e d  p e r  k g  M L V S S  p e r  d a y  a n d  
a r e  i n  t h e  r a n g e  o f  0 . 0 5  t o  0 . 1 5  f o r  e x t e n d e d  a e r a t i o n  
f a c i l i t i e s  ( M e t c a l f  & E d d y ,  1 9 7 9 ) .  T h e  l o a d i n g  r a t e s  f o r  t h i s  
s e r i e s  o f  s t u d i e s  r a n g e d  f r o m  0 . 0 1 8  t o  0 . 0 7 9  k g  B O D  a p p l i e d  
p e r  k g  M L S S  p e r  d a y  ( 0 . 0 2 2 5  t o  0 . 0 9 9  k g  B O D  a p p l i e d  p e r  k g  
M L V S S  p e r  d a y )  a s  s h o w n  i n  T a b l e  5 . 1 1 .  T h e y  w e r e  w i t h i n  t h e  
r a n g e  o f  e x t e n d e d  a e r a t i o n  f a c i l i t i e s .  T h e  l o w  l o a d i n g  r a t e s  
w e r e  t h e  r e s u l t s  o f  t h e  l o w  o r g a n i c  s t r e n g t h  ( C O D  o r  B O D )  o f
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Table 5.11 : Loading rates
Experiments Cycle Time 
(hr.)
Kg COD/Kg MLSS-day Kg BOD/Kg MLSS-day
5.6-5.9 12 0.140 0.050 (0.100)*
5.10-5.14 12 0.089 0.035 (0.105)
5.15-5.19 12 0.140 0.066 (0.132)
5.20 - 5.24 12 0.079 0.079 (0.158)
5.25 - 5.27 10 0.073 0.017(0.041)
5.28 - 5.32 8 0.076 0.018 (0.054)
5.33 - 5.37 8 0.076 0.032 (0.096)
I 5.38-5.42 8 0.140 0.060 (0.180)
COD - Chemical Oxygen Demand 
BOD - Biochemical Oxygen Demand 
MLSS - Mixed Liquor Suspended Solids 
MLVSS - Mixed Liquor Volatile Suspended Solids 
MLVSS = 0.80 (MLSS)
* Figures in parenthesis denote revised values based on cycle times
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t h e  r e f i n e r y  e f f l u e n t .  C o n s i d e r i n g  t h e  f a c t  t h a t  t h e  
o r g a n i s m s  w e r e  u n d e r  a e r a t i o n  f o r  4  t o  8  h o u r s  i . e .  d u r i n g  
t h e  R E A C T  p e r i o d ,  i t  c o u l d  b e  s a i d  t h a t  t h e  a c t u a l  l o a d i n g  
r a t e s  w e r e  h i g h e r .  T h e  r e v i s e d  l o a d i n g  r a t e s  b a s e d  o n  t h e  
c y c l e  t i m e s  r a n g e d  f r o m  0 . 0 4 1  t o  0 . 1 8  k g  B O D / K g  M L S S / d a y  o r
0 . 0 5  t o  0 . 2 2 5  K g  B O D / K g  M L V S S / D a y  a s  s h o w n  i n  T a b l e  5 . 1 1 .  
H o w e v e r  i t  m u s t  b e  m e n t i o n e d  h e r e  t h a t  t h e  p r o c e s s  w a s  n o t  
s t r e s s e d  w i t h  r e s p e c t  t o  l o a d i n g .
5 . 4  P i l o t  P l a n t  S t u d y
P i l o t  p l a n t  s t u d y  w a s  c o n d u c t e d  t o  e s t a b l i s h  t h e  b e s t  
o p e r a t i o n  s t r a t e g y  f o r  t h e  f u l l  s c a l e  p l a n t  o p e r a t i o n .  T h r e e  
r u n s  w i t h  d i f f e r e n t  c y c l e  t i m e s  w e r e  c o n d u c t e d  o v e r  a  3  
m o n t h s  p e r i o d .  T h e  s e q u e n c e  o f  o p e r a t i o n s  i s  s h o w n  i n  F i g u r e  
4 . 6 .
T h e  r e s u l t s  o f  t h e  p i l o t  p l a n t  s t u d i e s  a r e  s u m m a r i s e d  i n  
T a b l e  5 . 1 2 .  I t  c a n  b e  s e e n  t h a t  d u r i n g  t h i s  s t u d y  p e r i o d ,  t h e  
C O D  o f  t h e  f e e d  v a r i e d  v e r y  w i d e l y .  A s  a  r e s u l t  t h e  
p e r f o r m a n c e  o f  t h e  S B R  p r o c e s s  w a s  a l s o  a f f e c t e d .  T h i s  w a s  
e s p e c i a l l y  p r o n o u n c e d  f o r  t h e  8 - h o u r  c y c l e .  T h e  q u a l i t y  o f  
t h e  f i n a l  d i s c h a r g e  w a s  n o t  v e r y  c o n s i s t e n t  a s  i n d i c a t e d  b y  
t h e  r a n g e  o f  v a l u e s .  T h e  m e a n  C O D  o f  t h e  f i n a l  d i s c h a r g e  
o v e r  a  o n e  m o n t h  s t u d y  p e r i o d  w a s  a b o u t  3 0 0  m g / 1 .  H o w e v e r  t h e  
s l u d g e  s e e m e d  t o  s e t t l e  s a t i s f a c t o r i l y .  T h e  m e a n  S S  o f  t h e  
f i n a l  d i s c h a r g e  w a s  a b o u t  5 0  m g / 1 .
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B e t t e r  p e r f o r m a n c e  w a s  o b t a i n e d  f o r  t h e  1 2 - h o u r  c y c l e .  W i t h  
s i m i l a r  r a n g e  o f  C O D  o f  t h e  f e e d ,  m o r e  c o n s i s t e n t  p e r f o r m a n c e  
i n  t e r m s  o f  C O D  r e m o v a l  e f f i c i e n c y  a n d  s l u d g e  s e t t l i n g  
c h a r a c t e r i s t i c s  w a s  o b t a i n e d .  M e a n  C O D  a n d  S S  o f  t h e  f i n a l  
d i s c h a r g e  w e r e  2 0 0  m g / l  a n d  3 0  m g / l  r e s p e c t i v e l y .
T h e  b e s t  p r o c e s s  p e r f o r m a n c e  w a s  o b t a i n e d  f o r  t h e  2 4 - h o u r  
c y c l e .  T h e  r e a c t o r  r e c e i v e d  s i m i l a r  o r g a n i c  l o a d i n g s  a s  t h e  8  
a n d  1 2 - h o u r  c y c l e s  i n  t e r m s  o f  C O D .  B u t  t h e  f i n a l  d i s c h a r g e  
h a d  v e r y  l o w  C O D  { 1 0 0  m g / l )  a n d  S S  ( 1 5  m g / l )  c o n c e n t r a t i o n s .  
M o r e  c o n s i s t e n t  r e s u l t s  w e r e  o b t a i n e d  a s  i n d i c a t e d  b y  t h e  
n a r r o w e r  r a n g e  o f  v a l u e s .  E x c e l l e n t  s e t t l i n g  c h a r a c t e r i s t i c s  
w e r e  o b s e r v e d .  T h e  p r o c e s s  p r o d u c e d  v e r y  c l e a r  f i n a l  
d i s c h a r g e .
T h e  l o w  p H  d i d  n o t  a f f e c t  t h e  p r o c e s s  p e r f o r m a n c e  v e r y  m u c h .  
T h e  p r o g r e s s i v e l y  b e t t e r  p r o c e s s  p e r f o r m a n c e  c o u l d  b e  d u e  t o  
t h e  e x t e n d e d  a e r a t i o n  p e r i o d .  T h i s  a g a i n  d e m o n s t r a t e d  t h a t  
t h e  S B R  p r o c e s s  c o u l d  s u s t a i n  h i g h  f l u c t u a t i o n s  i n  o r g a n i c  
l o a d i n g .
T h o u g h  t h e  t e m p e r a t u r e  o f  t h e  r a w  e f f l u e n t  f r o m  t h e  o i l
• ° 
r e c o v e r y  p i t  w a s  a b o u t  4 5  C ,  i t  d i d  n o t  s e e m  t o  h a v e  a n y
e f f e c t  o n  t h e  p e r f o r m a n c e  o f  t h e  S B R  p r o c e s s .  T h e  t e m p e r a t u r e
o f  t h e  m i x e d  l i q u o r  w a s  c o n s i s t e n t l y  a b o u t  3 0 ^ 0 .
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T h e  p i l o t  p l a n t  s t u d y  h a s  d e m o n s t r a t e d  t h a t  t h e  s i m p l e  n a t u r e  
o f  S B R  o p e r a t i o n  a l l o w e d  a u t o m a t e d  c o n t r o l  t o  b e  i m p l e m e n t e d .  
I n  g e n e r a l ,  o p e r a t o r  a t t e n t i o n  w a s  r e q u i r e d  p r i m a r i l y  t o  
c o l l e c t  s a m p l e s  f o r  a n a l y s i s  a n d  t o  v e r i f y  t h e  o p e r a t i o n a l  
s t a t u s  o f  t h e  m e c h a n i c a l  e q u i p m e n t .  T h e r e f o r e  a n  o p e r a t o r  i s  
r e q u i r e d  t o  s p e n d  p a r t  o f  h i s  w o r k i n g  h o u r s  ( 2 - 3  h o u r s  p e r  
d a y )  a t  t h e  p l a n t .  T h e  p i l o t  p l a n t  d i d  n o t  e n c o u n t e r  m u c h  
o p e r a t i o n a l  p r o b l e m .  F o r  t h e  t h r e e  m o n t h s  s t u d y  p e r i o d ,  i t  
w a s  v i r t u a l l y  m a i n t e n a n c e  -  f r e e .
T h o u g h  d u r i n g  t h e  c o u r s e  o f  t h i s  p i l o t  p l a n t  s t u d y ,  t h e  
o p e r a t i o n  w a s  i n t e r r u p t e d  b y  o c c a s i o n a l  p o w e r  f a i l u r e .  
H o w e v e r ,  t h e  p i l o t  p l a n t  r e c o v e r e d  q u i c k l y  f r o m  s u c h  u p s e t s  
t o  t h e  s y s t e m  a n d ,  w i t h i n  a  s h o r t  p e r i o d  o f  t i m e ,  w a s  a b l e  t o  
p r o v i d e  g o o d  t r e a t m e n t  e f f i c i e n c y .
T h e  s t u d y  h a d  a l s o  d e m o n s t r a t e d  t h a t  a d e q u a t e  m i x i n g  o f  t h e  
r e a c t o r  c o n t e n t  c o u l d  b e  a c h i e v e d  b y  a i r .  N o  e x t r a  m e c h a n i c a l  
a g i t a t o r  w a s  r e q u i r e d .
5 . 4 . 1  O p e r a t i o n a l  a n d  M a i n t e n a n c e  R e q u i r e m e n t s
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Table 5.12 : Pilot Plant SBR Process Performance
Parameters* f i l l  8-hr. C ) /cle vl/5+ia-hr. Cycle 24-hr. Cycle
Range Average {tenge Average Range Avertjge
pH 4 .2 -5 .0 4.5 4 .3 -5 .8 4.7 4 .2 -5 .3 4.7
COD (F) 470 - 1460 980 510 - 1390 900 500- 1420 910
COD (D) 220 - 400 300 150-270 200 8 0 - 130 100
SS (D) 3 5 -8 0 50 2 0 -4 5 30 1 0 -2 5 15
MLSS 1970 - 2600 2350 2200 - 2650 2510 2400 - 2650 2500
COD (F) - Chemical Oxygen Demand (Feed)
COD (D) - Chemical Oxygen Demand (Discharge) 
SS (D) - Suspended Solid (Discharge)
MLSS - Mixed Liquor Suspended Solids
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5 . 5 . FULL SCALE COMMERCIAL PLANT OPERATION
5 . 5 . 1  I n t r o d u c t i o n
T h e  f u l l  s c a l e  c o m m e r c i a l  S B R  p l a n t  w a s  c o m m i s s i o n e d  i n  
D e c e m b e r  1 9 8 6 .  A  d e t a i l e d  p r o g r a m m e  w a s  d r a w n  u p  t o  m o n i t o r  
t h e  p r o g r e s s  a n d  p e r f o r m a n c e  o f  t h e  S B R  p r o c e s s .  M e a n w h i l e  a  
t r a i n i n g  p r o g r a m m e  f o r  t h e  o p e r a t o r  w a s  a l s o  i n s t i t u t e d .  A s  
t h i s  w a s  a  n e w l y  d e v e l o p e d  p r o c e s s  f o r  t h e  p a l m  o i l  r e f i n e r y  
e f f l u e n t ,  i t  w a s  e s s e n t i a l  t o  t r a n s f e r  t h e  k n o w - h o w  t o  t h e  
o p e r a t o r .
T h e  c o m m i s s i o n i n g  o f  t h e  p l a n t  h a d  b e e n  v e r y  s m o o t h  w i t h o u t  
m u c h  d i f f i c u l t y .  D u e  t o  t h e  l o w  p r o d u c t i o n  p e r i o d ,  a b o u t  5 0  
c u b i c  m e t r e s  o f  w a s t e w a t e r  w e r e  g e n e r a t e d  p e r  d a y .  I t  w a s  
d e c i d e d  t o  u s e  o n l y  o n e  r e a c t o r .  T h i s  h a d  m a d e  t h e  o p e r a t i o n  
m u c h  s i m p l e r .
T h e  S B R  w a s  s e e d e d  w i t h  a c t i v a t e d  s l u d g e  o b t a i n e d  f r o m  a n  
o p e r a t i n g  a c t i v a t e d  s l u d g e  p r o c e s s  n e a r b y .  F u l l  S B R  o p e r a t i o n  
b e g a n  t w o  m o n t h s  l a t e r  a n d  c o n t i n u e d  e s s e n t i a l l y  w i t h o u t  m u c h  
i n t e r r u p t i o n  u n t i l  i n  A u g u s t  1 9 8 7  w h e r e  e x c e s s i v e  o i l  w a s  
a c c i d e n t a l l y  f e d  t o  t h e  r e a c t o r .  T h i s  w o u l d  b e  d i s c u s s e d  i n  
g r e a t e r  d e t a i l  i n  t h e  a p p r o p r i a t e  s e c t i o n .
S i n c e  t h e n  t h e r e  h a d  b e e n  n o  u n f o r e s e e n  i n t e r r u p t i o n .  T h e  S B R  
o p e r a t i o n  w a s  s t o p p e d  o c c a s i o n a l l y  f o r  a  s h o r t  p e r i o d  o f  t i m e  
d u e  t o  u n f o r e s e e n  c i r c u m s t a n c e s .  D u r i n g  t h e  s t o p p a g e  p e r i o d ,  
t h e  s e t t l e d  s l u d g e  w a s  k e p t  i n  t h e  r e a c t o r  a n d  w a s  a e r a t e d
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w i t h  s l o w  a i r .  N o  a d v e r s e  e f f e c t  w a s  o b s e r v e d  w h e n  t h e  S B R  
w a s  r e s t a r t e d .
T h e  S B R  h a s  b e e n  o p e r a t e d  c o n t i n u o u s l y  s i n c e  t h e n .  V e r y  
c o n s i s t e n t  r e s u l t s  i n  t e r m s  o f  C O D  a n d  B O D  r e m o v a l  e f f i c i e n c y  
h a v e  b e e n  o b t a i n e d  o v e r  t h e  p a s t  s i x  y e a r s .  T h e  p e r f o r m a n c e  
o f  t h e  p r o c e s s  w i l l  b e  d i s c u s s e d  i n  t h i s  c h a p t e r .
5 . 5 . 2  W a s t e w a t e r  C h a r a c t e r i s t i c s
T h e  r e f i n e r y  u n d e r  s t u d y  e m p l o y s  p h y s i c a l  r e f i n i n g  p r o c e s s .  
T h e  p r o c e s s  h a s  b e e n  d e s c r i b e d  i n  C h a p t e r  o n e .  T h e  r e f i n e r y  
p r o d u c e s  p a l m  o l e i n ,  s t e a r i n  a n d  o t h e r  p a l m  o i l  f r a c t i o n s  a s  
r e q u e s t e d .  D r y  f r a c t i o n a t i o n  i s  u s e d  i n  t h e  f r a c t i o n a t i o n  
p r o c e s s .  T h e  r e f i n e r y  p r o c e s s e s  a b o u t  3 0 0  m e t r i c  t o n n e s  o f
p a l m  o i l  p e r  d a y .  I t  g e n e r a t e s  5 0  t o  1 0 0  c u b i c  m e t e r s  o f
w a s t e w a t e r  d a i l y .  T h e  w a s t e w a t e r  f r o m  t h e  r e f i n e r y  c o n s i s t s  
o f  m a i n l y  c o o l i n g  t o w e r  b l e e d  o f f  a n d  w a s h i n g  w a s t e  f r o m  t h e  
r e f i n e r y  c o m p l e x  a s  w e l l  a s  r a i n  w a t e r .  A l l  t h e  w a s t e w a t e r s  
a r e  c h a n n e l l e d  i n t o  a  w a s t e w a t e r  s u m p  w h e r e  t h e  o i l  o r  f a t t y  
m a t t e r  a n d  f l o a t i n g  m a t e r i a l s  a r e  r e m o v e d  b y  a  s k i m m e r .  T h e  
c h a r a c t e r i s t i c s  o f  t h e  w a s t e w a t e r  a r e  s h o w n  i n  T a b l e  5 . 1 3 .  
I t  c a n  b e  s e e n  t h a t  t h e r e  i s  h i g h  v a r i a t i o n  i n  a l l  t h e  
p a r a m e t e r s .  T h e  w a s t e w a t e r  i s  g e n e r a l l y  a c i d i c  ( a v e r a g e  p H  
5 . 3 ) .  I t  c o n t a i n s  h i g h  B O D  ( a v e r a g e  5 3 0  m g / l )  a n d  C O D
( a v e r a g e  9 0 0  m g / l )  w h i c h  i s  t w o  t o  t h r e e  t i m e s  t h a t  o f  t h e  
d o m e s t i c  s e w a g e .  T h e  S S  a n d  T N  a r e  l o w .  N i t r o g e n  c o n t e n t  o f  
t h e  w a s t e w a t e r  h a s  t o  b e  i n c r e a s e d  t o  m e e t  t h e  n u t r i e n t
1 3 8
Table 5.13 : Characteristics of Palm Oi! Refinery Wastewater 
(Physical Refining and Dry Fractionation Process)
1: Parameters*!; Range Mean:
Temperature °C 3 0 -4 5 35
pH 3.8 - 7.0 5.3
BOD 5 0 - 1500 530
COD 150 - 3000 900
TS 100-2000 580
SS 5 0 - 100 80
TN 0 - 2 0 10
P 1.0. - 10 4
O & G 25 - 600 200
* All parameters in mg/l except pH and temperature.
BOD - Biochemical Oxygen dEMAND
COD - Chemical Oxygen Demand
TS - Total Solids
SS - Suspended Solids
TN - Total Nitrogen
P - Phosphorus
O & G - Oil and Grease
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r e q u i r e m e n t ;  H o w e v e r  i t  c o n t a i n s  q u i t e  h i g h  P  ( a v e r a g e  4  
m g / l ) .  I t  h a s  t o  b e  a d j u s t e d  a c c o r d i n g l y  i f  i t  i s  
i n s u f f i c i e n t  t o  m e e t  t h e  n u t r i e n t  r e q u i r e m e n t  e s p e c i a l l y  w h e n  
t h e  C O D  o f  t h e  f e e d  w a s  h i g h .  T h i s  h a s  t o  b e  d e t e r m i n e d  f r o m  
t h e  d a i l y  a n a l y s i s  o f  t h e  w a s t e w a t e r  s a m p l e  b e f o r e  f e e d i n g  t o  
t h e  S B R .
A s  m e n t i o n e d  e a r l i e r ,  t h e  f l o w  a n d  c h a r a c t e r i s t i c s  o f  t h e  
w a s t e w a t e r  g e n e r a t e d  d e p e n d  v e r y  m u c h  o n  t h e  p r o d u c t i o n  
s c h e d u l e  w h i c h  m a y  v a r y  f r o m  t i m e  t o  t i m e  d e p e n d i n g  o n  m a r k e t  
d e m a n d .
5 . 5 . 3  P r o c e s s  P e r f o r m a n c e
5 . 5 . 3 . 1  S t a r t  -  U p
T h e  p l a n t  w a s  c o m m i s s i o n e d  i n  D e c e m b e r  1 9 8 6 .  D u r i n g  t h e  s t a r t  
-  u p  p e r i o d ,  o n l y  o n e  r e a c t o r  w a s  u s e d .  A f t e r  d i s c u s s i o n  w i t h  
t h e  r e f i n e r y  m a n a g e m e n t ,  a  2 4  -  h o u r  c y c l e  t i m e  c o m p r i s i n g  
t h e  f o l l o w i n g  m o d e s  o f  o p e r a t i o n  w a s  a d o p t e d  :
F I L L  : 4  h o u r s
R E A C T  : 2 0  h o u r s
S E T T L E  : 2  h o u r s
D E C A N T  a n d  I D L E  : 2  h o u r s
I t  m u s t  b e  m e n t i o n e d  h e r e  t h a t  t h e  S B R  p r o c e s s  w a s  d e s i g n e d  
t o  r e m o v e  t h e  s o l u b l e  o r g a n i c  ( C O D  o r  B O D )  c o m p o n e n t s  o f  t h e  
w a s t e w a t e r .  T h e  w a s t e w a t e r  w a s  n o t  e x p e c t e d  t o  c o n t a i n  h i g h  
l e v e l  o f  n i t r o g e n  a n d  p h o s p h o r u s  c o m p o u n d s . T h u s
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n i t r i f i c a t i o n  a n d  d e n i t r i f i c a t i o n  a s  w e l l  a s  p h o s p h o r u s  
r e m o v a l  p r o c e s s e s  w e r e  n o t  c o n s i d e r e d  i n  t h e  d e s i g n  o f  t h e  
p l a n t .
T h e  F I L L  t i m e  i n d i c a t e d  t h e  m a x i m u m  c a p a c i t y  o f  t h e  p u m p  
a v a i l a b l e .  I t  c o u l d  b e  l o n g e r  d e p e n d i n g  o n  t h e  r e q u i r e m e n t .  
T h e  l a b o r a t o r y  s t u d i e s  s h o w e d  t h a t  F I L L  t i m e  w a s  n o t  a n  
i m p o r t a n t  d e s i g n  c r i t e r i a .  M a x i m u m  a e r a t i o n  t i m e  s h o u l d  b e  
a p p l i e d  i n  v i e w  o f  t h e  v a r i a b i l i t y  i n  t h e  p r o p e r t i e s  o f  t h e  
f e e d  w a s t e w a t e r  ( T a b l e  5 . 1 3 ) .  I r v i n e  e t  a l .  ( 1 9 8 7 )  i n
o p e r a t i n g  a  f u l l - s c a l e  S B R  a t  G r u n d y  C e n t e r ,  I o w a  h a v e  
r e p o r t e d  t h a t  a  R E A C T  p e r i o d  a f t e r  F I L L  h a d  r e s u l t e d  i n  a  
b e t t e r  s e t t l i n g  s l u d g e .  A l s o  t h i s  o p e r a t i n g  s t r a t e g y  w o u l d  
e n s u r e  t h a t  t h e  w a s t e w a t e r  w a s  a d e q u a t e l y  t r e a t e d  b e f o r e  i t  
w a s  d i s c h a r g e d .  T h e  c o n t r o l  s t r a t e g y  w a s  d e s i g n e d  t o  m a k e  
t h e  S B R  o p e r a t i o n  e a s y  a n d  s i m p l e .  I t  w a s  a l s o  d e s i g n e d  i n  
s u c h  a  w a y  t h a t  v e r y  l i t t l e  o p e r a t o r  a t t e n t i o n  w o u l d  b e  
r e q u i r e d .
T h e  m o d e  o f  o p e r a t i o n  c o u l d  b e  r e v i s e d  w h e n  n e e d  a r o s e  t o  
m e e t  t h e  r e f i n e r y ' s  o p e r a t i o n  s c h e d u l e .
T h e  S B R  w a s  f i l l e d  w i t h  a b o u t  1 0  c u b i c  m e t e r s  o f  r e c y c l e d  
a c t i v a t e d  s l u d g e  o b t a i n e d  f r o m  a  c o n t i n u o u s  a c t i v a t e d  s l u d g e  
p r o c e s s  t r e a t i n g  s i m i l a r  w a s t e w a t e r  n e a r b y .  T h e
c o n c e n t r a t i o n  o f  M L S S  w a s  5 0 0 0  m g / 1 .
M e a n w h i l e  w a s t e w a t e r  w a s  t r a n s f e r r e d  f r o m  t h e  w a s t e w a t e r  s u m p  
t o  t h e  h o l d i n g  t a n k .  p H  o f  t h e  w a s t e w a t e r  w a s  d e t e r m i n e d  a n d
1 4 1
a d j u s t e d  t o  a b o v e  5  w h e n e v e r  i t  w a s  n e c e s s a r y .  S i m i l a r l y  N  
a n d  P  w e r e  a d j u s t e d  t o  t h e  r a t i o  o f  C O D  : N  : P  =  1 0 0  : 5  : 1  
w i t h  u r e a  a n d  a m m o n i u m  d i h y d r o g e n  p h o s p h a t e  w h e n  a n a l y s i s  
s h o w e d  a  d e f i c i e n c y  o f  n i t r o g e n  a n d  p h o s p h o r u s  c o n t e n t  i n  t h e  
r a w  w a s t e w a t e r .
F r o m  t h e  l a b o r a t o r y  a n d  p i l o t  p l a n t  s t u d i e s ,  i t  w a s  n o t e d
t h a t  p H  a d j u s t m e n t  w a s  n o t  n e c e s s a r y .  T h e  p H  o f  t h e  f e e d ,  a s  
s h o w n  i n  t h e  T a b l e s  5 . 1 4  a n d  5 . 1 5 ,  w a s  a l w a y s  a b o v e  4 . 5 .
T h e r e f o r e  n o  p H  a d j u s t m e n t  w a s  n e c e s s a r y .
T h e  b a l a n c e d  w a s t e w a t e r  f r o m  t h e  h o l d i n g  t a n k  w a s  t h e n  f e d  
t o  t h e  S B R .  A i r  w a s  i n t r o d u c e d  a t  t h e  b e g i n n i n g  o f  t h e  F I L L  
p e r i o d .  W h e n  t h e  r e a c t o r  w a s  f i l l e d  t o  t h e  5 0  c u b i c  m e t e r s  
l e v e l  t h e  f e e d  p u m p  w a s  s t o p p e d  a u t o m a t i c a l l y  b y  t h e  s e q u e n c e  
c o n t r o l l e r .  A e r a t i o n  w a s  a l l o w e d  t o  c o n t i n u e .  T h e  DO l e v e l
w a s  m e a s u r e d  a n d  w a s  a d j u s t e d  t o  a b o u t  2 . 5  m g / l  b y  v a r y i n g
t h e  a i r  f l o w  r a t e .  M i x e d  l i q u o r  s a m p l e s  w e r e  t a k e n  a t  t w o  
h o u r l y  i n t e r v a l s  f o r  p H ,  C O D  a n d  M L S S  a n a l y s i s .  B e c a u s e  o f  
i t s  e a s e  o f  d e t e r m i n a t i o n ,  C O D ,  i n s t e a d  o f  B O D  w a s  d e t e r m i n e d  
o n  a l l  t h e  s a m p l e s  t o  m o n i t o r  t h e  p r o g r e s s  o f  t h e  S B R
p r o c e s s .  T h e  D O  l e v e l  o f  t h e  m i x e d  l i q u o r  d u r i n g  F I L L  w a s  
v e r y  l o w .  I t  w a s  l e s s  t h a n  0 . 3  m g / l  f o r  t h e  w h o l e  o f  F I L L  
p e r i o d .  T h e  t r e a t e d  e f f l u e n t  w a s  d i s c h a r g e d  t h r o u g h  t h e
l o w e s t  d i s c h a r g e  p o i n t .  A n y  u n s e t t l e d  s l u d g e  a b o v e  t h e
d i s c h a r g e  p o i n t  w o u l d  a l s o  b e  d i s c h a r g e d .
T h e  p r o c e s s  p e r f o r m a n c e  f o r  t h e  s t a r t - u p  p e r i o d  o f  t h e  SBR
1 4 2
i n i t i a l  s t a r t  -  u p  p e r i o d  i . e .  t h e  f i r s t  s i x  w e e k s ,  t h e  C O D  
o f  t h e  f e e d  v a r i e d  f r o m  6 0 0  t o  9 0 0  m g / l .  T h e  M L S S  w a s  l e s s
t h a n  1 0 0 0  m g / l .  I t  t o o k  a b o u t  f i v e  t o  s i x  w e e k s  f o r  t h e  M L S S
t o  b u i l d  u p  t o  a b o u t  2 0 0 0  m g / l .  T h e  C O D  a n d  B O D  o f  t h e  f i n a l  
d i s c h a r g e  d u r i n g  t h i s  s t a r t  -  u p  p e r i o d  w e r e  l e s s  t h a n  2  0 0  
m g / l  a n d  1 1 0  m g / l  r e s p e c t i v e l y .  T h i s  s h o w e d  t h a t  t h e  S B R  w a s
e f f e c t i v e  i n  r e m o v a l  o r g a n i c s  i n  t e r m s  o f  C O D  a n d  B O D  e v e n  a t
t h i s  e a r l y  s t a g e  o f  o p e r a t i o n .
B y  t h e  t i m e  t h e  M L S S  r e a c h e d  2 0 0 0  m g / l  ( a f t e r  s i x  w e e k s  o f
o p e r a t i o n ) ,  a  v e r y  s t a b l e  a n d  c o n s i s t e n t  p e r f o r m a n c e  w a s  
o b s e r v e d .  W i t h  t h e  C O D  o f  t h e  f e e d  v a r y i n g  b e t w e e n  7 5 0  t o  
9 5 0  m g / l ,  t h e  S B R  c o u l d  p r o d u c e  h i g h l y  p u r i f i e d  f i n a l  
d i s c h a r g e .  T h e  C O D  a n d  S S  w e r e  c o n s i s t e n t l y  l e s s  t h a n  1 0 0  
m g / l  ( F i g u r e  5 . 5 )  a n d  5  0  m g / l  ( n o t  s h o w n  i n  F i g u r e  5 . 5 )
r e s p e c t i v e l y .  V e r y  g o o d  s e t t l i n g  c h a r a c t e r i s t i c s  o f  t h e  
s l u d g e  w e r e  o b s e r v e d .  T h e  S V I  w a s  l e s s  t h a n  5 0  m l / g .
T h e  s m o o t h  o p e r a t i o n  w a s  u p s e t  a f t e r  1 6  w e e k s  o f  o p e r a t i o n .  
L u m p s  o f  s l u d g e  w e r e  s e e n  f l o a t i n g  o n  t o p  o f  t h e  r e a c t o r  
d u r i n g  a e r a t i o n  p e r i o d .  E x c e s s i v e  a m o u n t  o f  s l u d g e  w e r e  s e e n  
s t i c k i n g  o n t o  t h e  w a l l  o f  t h e  r e a c t o r  d u r i n g  t h e  S E T T L E  
p e r i o d  w h i c h  c o u l d  n o t  b e  r e m o v e d  d u r i n g  D E C A N T  p e r i o d .  
S l u d g e  b u l k i n g  s e e m e d  t o  h a v e  o c c u r r e d .  T h i s  w a s  f i r s t  
t h o u g h t  t o  b e  d u e  t o  t o o  l o n g  a  R E A C T  t i m e  ( 2 0  h o u r s  
c o n t i n u o u s  a e r a t i o n )  w h i c h  h a d  r e s u l t e d  i n  f l o e  d i s p e r s i o n .  
H o w e v e r  o n  c l o s e r  e x a m i n a t i o n  o f  t h e  f l o a t i n g  s l u d g e  l u m p s ,
i s  s h o w n  i n  F i g u r e  5 . 5 .  I t  c a n  b e  s e e n  t h a t  d u r i n g  t h e
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F i g u r e  5 . 5  P e r f o r m a n c e  o f  F u l l  S c a l e  S e q u e n c i n g  B a t c h
R e a c t o r  P r o c e s s
w e e k l y  s a m p l e
1 4 4
i t  w a s  f o u n d  t o  c o n t a i n  m u c h  o i l .  T h i s  w a s  m o s t  l i k e l y
c a u s e d  b y  t h e  e x c e s s i v e  o i l  g e t t i n g  i n t o  t h e  S B R .  T h e  o i l  
a g g l o m e r a t e d  w i t h  t h e  s l u d g e  i n t o  l u m p s  o f  s t i c k y  s c u m  
f l o a t i n g  o n  t o p  o f  t h e  r e a c t o r .  T h e  f l o a t i n g  s l u d g e  w o u l d  
h a v e  n o  e f f e c t  o n  t h e  t r e a t m e n t  p r o c e s s .  T h e s e  f l o a t i n g  
s c u m s  h a d  t o  b e  r e m o v e d .  O t h e r w i s e  m o r e  a n d  m o r e  a c t i v e
s l u d g e  w o u l d  b e  l o s t .  T h i s  h a d  r e s u l t e d  i n  g r e a t  r e d u c t i o n  
o f  t h e  M L S S  i n  t h e  r e a c t o r  a s  w a s  d e p i c t e d  i n  F i g u r e  5 . 5 .  
T h e  M L S S  w a s  r e d u c e d  f r o m  a b o u t  2 2 0 0  m g / l  t o  b e l o w  1 4 0 0  m g / l  
f r o m  w e e k  1 6  t o  w e e k  2 4 .  T h e  M L S S  a t  w e e k  2 4  w a s  f u r t h e r  
r e d u c e d  t o  a b o u t  1 2 0 0  m g / l .
C o n s e q u e n t l y  t h e  p e r f o r m a n c e  o f  t h e  S B R  w a s  a f f e c t e d .  T h e  
C O D  a n d  B O D  r e m o v a l  e f f i c i e n c i e s  w e r e  d r a s t i c a l l y  r e d u c e d .  
D e s p i t e  t h e  f a c t  t h a t  t h e  C O D  o f  t h e  f e e d  w a s  l o w ,  d r o p p i n g
f r o m  9 0 0  m g / l  t o  2 5 0  m g / l  d u r i n g  t h i s  p e r i o d ,  t h e  C O D  o f  t h e
f i n a l  d i s c h a r g e  w a s  m o r e  t h a n  2 0 0  m g / l  a s  s h o w n  i n  F i g u r e  
5 . 5 .
T h e  e x c e s s i v e  o i l  l o s s  f r o m  t h e  r e f i n e r y  w a s  d u e  t o  s o m e  
u n f o r e s e e n  o i l  s p i l l  w h i c h  w a s  w a s h e d  i n t o  t h e  w a s t e w a t e r  
c o l l e c t i o n  s u m p .  T h i s  c o u l d  a l s o  h a p p e n  w h e n  t h e r e  w a s  
e q u i p m e n t  f a i l u r e  i n  t h e  r e f i n i n g  p r o c e s s .  H o w e v e r  t h i s  
r a r e l y  h a p p e n e d  a n d  t h e  o i l  l o s t  c o u l d  b e  p r e v e n t e d  f r o m  
g e t t i n g  i n t o  t h e  w a s t e w a t e r  c o l l e c t i o n  s u m p  b y  g o o d  
h o u s e k e e p i n g .
A f t e r  t h e  f l o a t i n g  s l u d g e  ( s c u m )  w a s  r e m o v e d ,  t h e  S B R  
r e c o v e r e d  v e r y  f a s t .  V e r y  s t a b l e  o p e r a t i o n  w a s  o b s e r v e d  f r o m
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w e e k  3 0  o n w a r d s .  T h e  C O D  a n d  B O D  o f  t h e  f i n a l  d i s c h a r g e  s i n c e  
t h e n  h a s  b e e n  c o n s i s t e n t l y  b e l o w  1 0 0  m g / l  a n d  5 0  m g / l .  A  v e r y  
h e a l t h y  g r o w t h  o f  s l u d g e  w a s  o b s e r v e d .
F i g u r e  5 . 5  a l s o  s h o w s  t h a t  t h e  C O D  o f  t h e  f e e d  v a r i e d  v e r y  
w i d e l y  t h r o u g h o u t  t h i s  p e r i o d .  H o w e v e r ,  t h i s  d i d  n o t  a f f e c t  
t h e  p e r f o r m a n c e  o f  t h e  S B R .  T h i s  s h o w e d  t h a t  t h e  S B R  w a s  a  
v e r y  v e r s a t i l e  p r o c e s s  w h i c h  c o u l d  s u s t a i n  h i g h  f l u c t u a t i o n  
i n  o r g a n i c  l o a d i n g s .
5 . 5 . 4  S t a b l e  O p e r a t i o n
A f t e r  t h e  s t a r t  u p ,  t h e r e  h a d  b e e n  n o  m a j o r  i n t e r r u p t i o n  i n  
t h e  S B R  o p e r a t i o n  e x c e p t  w h e n  t h e  r e f i n e r y  w a s  s t o p p e d  f o r  
m a i n t e n a n c e  o r  s t o p p e d  p r o d u c t i o n  f o r  a  s h o r t  p e r i o d  o f  t i m e .  
D u r i n g  t h e  s t o p p a g e  p e r i o d ,  t h e  S B R  a l s o  s t o p p e d  o p e r a t i o n .  
T h e  s l u d g e  w a s  k e p t  i n  t h e  r e a c t o r  w i t h  s l o w  a e r a t i o n .  N o r m a l  
o p e r a t i o n  r e s u m e d  w h e n  t h e  r e f i n e r y  s t a r t e d  o p e r a t i o n  a g a i n .  
T h i s  d i d  n o t  a f f e c t  t h e  S B R  p e r f o r m a n c e .
T h e  p e r f o r m a n c e  o f  t h e  S B R  w a s  m o n i t o r e d  f o r  a  s h o r t  p e r i o d  
o f  t i m e  e v e r y  y e a r  s i n c e  t h e n .  S t a b l e  o p e r a t i o n  p e r f o r m a n c e  
d a t a  a r e  s h o w n  i n  T a b l e s  5 . 1 4  a n d  5 . 1 5  f o r  t h e  m o n t h s  o f  
A p r i l  a n d  M a y ,  1 9 8 8  ( T a b l e  5 . 1 4 )  a n d  J u n e ,  J u l y  a n d  A u g u s t ,  
1 9 8 9  ( T a b l e  5 . 1 5 ) .  T a b l e  5 . 1 4  s h o w s  t h a t  t h e  C O D  o f  t h e  r a w  
e f f l u e n t  d i d  n o t  v a r y  v e r y  m u c h  e x c e p t  o n  t w o  o c c a s i o n s  w h e r e  
t h e  C O D  e x c e e d e d  1 0 0 0  m g / l .  T h e  a v e r a g e  C O D  o f  t h e  r a w  
e f f l u e t  f o r  A p r i l  a n d  M a y ,  1 9 8 8  w e r e  6 8 7  m g / l  a n d  5 2 4  m g / l
1 4 6
Table 5.14 : Performance of Sequencing Batch Reactor
Date Feed Mixed Liqour Final Discharge SVI
1988
April
pH COD
(mg/1)
DO
(mg/1)
MLSS
(mg/1)
MLVSS
(mg/1)
SS
(mg/1)
pH COD
(mg/1)
BOD
(mg/1)
Oil/Grease
(mg/1)
(ml/g)
1 4,8 505 2.5 2230 38 7.0 96
2 456 2120 10 7.2 80
3 867 2063 18 7.2 32
4 478 2646 20 7,3 57
5 5.0 822 2.4 2775 2250 35 6.9 85
6 526 2846 42 7.2 99
7 433 2900 12 7.1 34
8 361 2895 60 7.2 92
9 404 2621 52 7.1 79
10 4.9 690 2768 18 7.1 69
11 732 2881 80 7.2 91
12 805 2.4 3013 130 7.0 87 7 56
13 751 2760 24 6.9 49
14 658 2715 38 6.9 86
15 722 2675 16 7.0 86
16 4.9 688 2310 1850 .64 7.0 53
17 603 2854 " 24 7.0 98
18 700 2866 14 6.9 33
19 821 2.5 2899 11 7.1 38
20 752 2529 36 7.1 91
21 845 2735 18 7.2 71
22 4.8 936 3010 84 6.9 67
23 1085 3062 84 7.2 74
24 850 2636 12 7.2 93
25 833 2690 72 6.9 105
26 951 2730 26 7.2 73
27 700 2889 50 7.2 31 6 6 55
28 604 2882 52 7.2 82
29 4.8 566 2553 14 7.2 72
30 4.8 455 2 .6 2402 1950 .2 2 7.2 97
Mean 4.8 687 2.5 2700 2017 39 7.1 73 6 6 55
BOD - Biochemical Oxygen Demand MLSS - Mixed Liquor Suspended Solids
COD - Chemical Oxygen Demand MLVSS - Mixed Liquor Volatile Suspended Solids
DO - Dissolved Oxygen SS - Suspended Solids
SVI - Sludge Volume Index
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T able 5 .1 4  : Perform ance o f  Sequencing Batch Reactor
(continued)
Date Feed Mixed Liqour Final Discharge SVI
(inl/g)1988
May
pH COD
(mg/l)
DO
(mg/l)
MLSS
(mg/l)
MLVSS
(mg/l)
SS
(mg/l)
pH COD
(mg/l)
BOD
(mg/l)
Oil/Grease
(mg/l)
1 4.6 395 2853 40 6.7 97
2 413 2890 14 6.9 81
3 4.6 366 3051 26 6.9 99
4 408 2341 60 7.0 91
5 852 2895 12 7.0 67
6 4.7 325 2.4 2904 22 6.9 99
7 285 2634 20 6.9 55
8 277 2533 14 6.9 63
9 4.8 309 2312 20 6,9 71
10 594 2259 22 6.9 94
11 653 2500 16 7.0 88
12 449 2455 20 6.9 79 9 48
13 452 2600 19 7.1 78
14 889 2711 18 7.1 42
15 5.0 1075 2.5 2700 2241 24 6.9 66
16 597 2608 68 7.1 44
17 543 2501 72 7.1 46
18 485 2440 14 7,1 61
19 523 2650 12 7.2 91
20 4.6 542 2420 16 7.0 80
21 369 2513 28 7.2 52
22 303 2609 42 7.2 30
23 540 2435 24 7.1 60
24 4.6 444 2 .0 2613 13 6.9 71
25 770 2509 48 7.1 78
26 428 2785 52 6.9 65
27 725 2666 20 7.2 59
28 458 2511 18 7.2 89
29 605 2650 35 7.1 82 30 10 50
30 632 2700 21 7.1 61
31 4.8 550 2.4 2762 2350 15 7.0 75
Mean 4.7 524 2.3 2613 202 0 27 7.0 71 20 10 49
BOD - Biochemical Oxygen Demand MLSS - Mixed Liquor Suspended Solids
COD - Chemical Oxygen Demand MLVSS - Mixed Liquor Volatile Suspended Solids
DO - Dissolved Oxygen SS - Suspended Solids
SVI - Sludge Volume Index
1 4 8
T ab le 5 .1 5  : Perform ance o f  Sequencing  Batch Reactor
Date Feed Mixed Liqour Final Discharge SVI
1989
June
pH COD
(mg/l)
DO
(mg/l)
MLSS
(mg/l)
MLVSS
(mg/l)
SS
(mg/l)
pH COD
(mg/l)
BOD
(mg/l)
Oil/Grease
(mg/l)
(ml/g)
1 235 2541 20 6.7 50
3 265 2863 26 7.1 62
5 4.5 350 2559 72 7.2 46
7 465 2760 12 7.0 58
9 466 2505 70 6.9 27
11 348 2312 18 7.3 16
13 362 2355 80 7.2 12
15 4.6 386 2.5 2216 1750 52 7.3 67 5 60
17 415 2105 14 7.2 39 -
19 420 2166 70 6.8 39
21 526 2235 18 7.1 86
23 603 2314 26 6.9 74
25 596 2361 60 6.9 102
27 600 2190 20 6.8 95
29 4.7 800 2 .6 2035 16 6.3 10 3 7 50
Mean 4.6 456 2 .6 2368 1750 38 7.0 52 4 7 55
1989
July
1 826 2041 66 7.2 84
3 4.8 854 2179 16 7.2 87
5 733 1962 50 6.6 60
7 825 2005 38 6.6 54
9 810 1914 22 6.6 74
11 756 1974 48 6.4 16
13 938 2107 70 6.4 29
15
COTt 1050 2.4 2139 1880 25 6.8 50 10 45
17 864 2 1 2 0 46 6.9 45
19 788 2386 42 6.8 74
21 889 2595 64 6.5 63
23 755 2581 42 6.6 80
25 747 2147 8 6.8 86
27 5.0 752 2.4 2011 18 6.9 49 7 6 48
29 PRODUCTION STOPPED - NO EFFLUENT
31
Mean 4.9 828 2.4 2154 1880 40 6.7 61 8.5 6 46
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T able 5 .1 5  : Perform ance o f  Sequencing  Batch Reactor
(continued)
Date Feed Mixed Liqour Final Discharge SVI
(ml/g)1989
Aug.
pH COD
(mg/1)
DO
(mg/1)
MLSS
(mg/1)
MLVSS
(mg/1)
SS
(mg/1)
pH COD
(mg/1)
BOD
(mg/1)
Oil/Grease
(mg/1)
1 PRODUCTION STOPPED - NO EFFLUENT
3
5 PRODUCTION STARTS BACK
7 824 1801 1530 30 7.1 88
9 602 1950 22 6.7 109
11 4.9 624 2.5 1980 1760 9 6.8 76
13 888 2015 24 6.8 32 5 50
15 831 2119 17 7,0 45
17 869 2006 10 7.0 69
19 5.0 900 2130 50 6.8 28
21 929 2334 28 6.7 22
23 906 2286 38 6.6 67
25 815 2419 60 6.3 58
27 4.8 769 2.5 2305 1850 44 6.4 87 7 52
29 788 2299 6 6.5 63
31 708 2108 32 6.7 93
Mean 4.9 804 2.5 2135 1713 28 6.7 64 6 51
BOD Biochemical Oxygen Demand
COD Chemical Oxygen Demand
DO Dissolved Oxygen
MLSS - Mixed Liquor Suspended Solids
MLVSS - Mixed Liquor Volatile Suspended Solids
SS Suspended Solids
SVI Sludge Volume Index
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r e s p e c t i v e l y .  T h e  r e f i n e r y  d i d  n o t  s t o p  o p e r a t i o n  f o r  t h e s e  
t w o  m o n t h s .  T h e  D O o f  t h e  m i x e d  l i q u o r  w a s  m a i n t a i n e d  a t  
a b o u t  2 . 5  m g / l .  T a b l e  5 . 1 4  s h o w s  t h a t  v e r y  s t a b l e  a n d  
c o n s i s t e n t  p e r f o r m a n c e  h a d  b e e n  o b s e r v e d .  T h e  a v e r a g e  M L S S  
c o n c e n t r a t i o n s  f o r  A p r i l  a n d  M a y  w e r e  2 7 0 0  m g / l  a n d  2 6 1 3  
r e s p e c t i v e l y .  I n  A p r i l ,  t h e  S B R  c o n s i s t e n t l y  p r o d u c e d  h i g h l y  
p u r i f i e d  f i n a l  d i s c h a r g e  w i t h  a v e r a g e  C O D  a n d  S S  o f  7 3  m g / l  
a n d  3 9  m g / l  r e s p e c t i v e l y .  T h i s  s h o w e d  t h a t  t h e  s l u d g e  
s e t t l e d  v e r y  w e l l .  T h e  S V I  w a s  a b o u t  5 5  m l / g .  O n l y  o n  o n e  
o c c a s i o n  i n  A p r i l  w a s  t h e  S S  f o u n d  t o  b e  1 3 0  m g / l .  T h e
B O D  a n d  o i l  a n d  g r e a s e  w e r e  l e s s  t h a n  1 0  m g / l .  O n l y  f e w  
m e a s u r e m e n t s  w e r e  m a d e  o n  t h e s e  t w o  p a r a m e t e r s .  S i m i l a r  
o b s e r v a t i o n s  w e r e  o b t a i n e d  f o r  t h e  m o n t h  o f  M a y ,  1 9 8 8 .
R a n d o m  c h e c k i n g  o n  t h e  v i a b i l i t y  o f  t h e  s l u d g e  s h o w e d  t h a t  
t h e  M L S S  c o n s i s t e d  o f  o v e r  8 0 %  o f  M L V S S  f o r  t h e  t w o  m o n t h s  
m o n i t o r i n g  p e r i o d .
F o r  t h e  m o n t h  o f  J u n e  1 9  8 9 ,  t h e  C O D  o f  t h e  r a w  e f f l u e n t  
v a r i e d  f r o m  2 3 5  m g / l  a t  t h e  b e g i n n i n g  o f  t h e  m o n t h  t o  8 0 0  
m g / l  t o w a r d s  t h e  e n d  o f  t h e  m o n t h ,  w i t h  a n  a v e r a g e  o f  4 5 6  
m g / l .  T h e  p H  w a s  a b o u t  4 . 6 .  T h e  a v e r a g e  c o n c e n t r a t i o n  o f  
M L S S  o f  t h e  m o n t h  w a s  2 3 6 8  m g / l .  T h e  DO w a s  m a i n t a i n e d  a t
2 . 6  m g / l .  T h e  p e r f o r m a n c e  d a t a  s h o w n  i n  T a b l e  5 . 1 5  i n d i c a t e d  
t h a t  t h e  S B R  c o n t i n u e d  t o  p r o d u c e  h i g h l y  p u r i f i e d  f i n a l  
d i s c h a r g e  d e s p i t e  t h e  h i g h  v a r i a t i o n  o f  C O D  o f  t h e  r a w  
e f f l u e n t .  T h e  a v e r a g e  C O D ,  B O D  a n d  S S  o f  t h e  f i n a l  d i s c h a r g e  
w e r e  5 2  m g / l ,  4  m g / l  a n d  3 8  m g / l  r e s p e c t i v e l y .  T h i s  a g a i n
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s h o w e d  t h a t  t h e  M L S S  s e t t l e d  w e l l  a n d  f a s t  w i t h  t h e  S V I  
r a n g i n g  f r o m  5 0  m l / g  t o  6 0  m l / g .
T h e  C O D  f o r  t h e  m o n t h s  o f  J u l y  a n d  A u g u s t ,  1 9  8 9  w e r e  q u i t e  
h i g h  a v e r a g i n g  a t  8 2 8  m g / l  a n d  8 0 4  m g / l  r e s p e c t i v e l y .  T h e  
c o n c e n t r a t i o n  o f  M L S S  s e e m e d  t o  h a v e  d e c r e a s e d  a  b i t .  B u t  
t h i s  d i d  n o t  s e e m  t o  a f f e c t  t h e  S B R  p e r f o r m a n c e  e x c e p t  t h a t  
t h e  p H  o f  t h e  f i n a l  d i s c h a r g e  d r o p p e d  t o  6 . 7 .  T h e  r e a s o n  f o r  
t h e  l o w  p H  w a s  n o t  k n o w n .
T h e  r e f i n e r y  s t o p p e d  p r o d u c t i o n  f o r  1 0  d a y s  f o r  m a i n t e n a n c e  
a t  t h e  e n d  o f  J u l y  a n d  e a r l y  A u g u s t .  A s  m e n t i o n e d  e a r l i e r  t h e  
s e t t l e d  s l u d g e  w a s  a e r a t e d  w i t h  s l o w  a i r  f l o w  w i t h o u t  f e e d .
W h e n  t h e  r e f i n e r y  r e s u m e d  n o r m a l  p r o d u c t i o n ,  t h e  S B R  
r e s p o n d e d  v e r y  w e l l .  T h e  M L S S  c o n c e n t r a t i o n  h a d  r e d u c e d  t o  
a b o u t  1 8 0 0  m g / l  a f t e r  t h e  s t o p p a g e .  I t  s l o w l y  b u i l t  u p  t o  
o v e r  2 0 0 0  m g / l  i n  l e s s  t h a n  a  w e e k  a n d  w a s  m a i n t a i n e d  a t  t h a t  
l e v e l  f o r  t h e  r e s t  o f  t h e  m o n t h .  H o w e v e r  t h e r e  w a s  n o  s i g n  
o f  d e t e r i o r a t i o n  o f  t h e  S B R  p e r f o r m a n c e .  T h o u g h  t h e  p H  
s e e m e d  t o  b e  a  b i t  l o w  a t  6 . 7 ,  t h i s  d i d  n o t  a f f e c t  t h e  
p e r f o r m a n c e  o f  t h e  p r o c e s s .  T h e  l e v e l s  o f  S S  a n d  C O D  o f  t h e  
f i n a l  d i s c h a r g e  w e r e  v e r y  l o w .  T h e  S B R  p e r f o r m a n c e  w a s  a s  
g o o d  a s  t h e  l a s t  t w o  m o n t h s  b e f o r e  t h e  s t o p p a g e .  T h e  a v e r a g e  
S S  a n d  C O D  o f  t h e  f i n a l  d i s c h a r g e  f o r  A u g u s t  w e r e  2  8  a n d  6 4  
m g / l  r e s p e c t i v e l y .  T h i s  i n d i c a t e d  t h a t  t h e  S B R  p r o c e s s  
p e r f o r m a n c e  w o u l d  n o t  b e  a f f e c t e d  n e g a t i v e l y  b y  t h e  p e r i o d i c  
s t o p p a g e .  H o w e v e r  t h e  e f f e c t  o f  p r o l o n g e d  s t o p p a g e  w a s  n o t  
i n v e s t i g a t e d .  T h e  v i a b i l i t y  o f  t h e  M L S S  i n  t e r m s  o f  M L V S S
1 5 2
r e m a i n e d  a t  a b o v e  80% a s  s h o w n  i n  T a b l e  5 . 1 5 .
T h e  p e r f o r m a n c e  d a t a  f o r  1 9 9 0  a n d  1 9 9 1  a r e  s h o w n  i n  T a b l e  
5 . 1 6  ( m o n t h l y  a v e r a g e )  a n d  F i g u r e  5 . 6 .  T h e  c o n s i s t e n c y  o f  
p e r f o r m a n c e  f o r  t h e  S B R  p r o c e s s  w a s  w e l l  d e m o n s t r a t e d .  T h e  
S B R  c o n t i n u e d  t o  p r o d u c e  h i g h l y  p u r i f i e d  f i n a l  d i s c h a r g e .  
T h e  C O D  a n d  S S  o f  t h e  f i n a l  d i s c h a r g e  o v e r  t h e  t w o  y e a r s  h a v e  
b e e n  c o n s i s t e n t l y  l e s s  t h a n  1 0 0  m g / 1  a n d  5 0  * m g / 1
r e s p e c t i v e l y .
T h e  C O D  o f  t h e  f e e d  f o r  1 9 9 0  d i d  n o t  f l u c t u a t e  v e r y  m u c h  w i t h  
a n  a v e r a g e  o f  a b o u t  7 0 0  m g / 1 .  T h e  M L S S  r e m a i n e d  a t  a b o u t  2 3 0 0  
m g / 1 .  T h e  c o n s i s t e n t  p e r f o r m a n c e  i n d i c a t e d  t h a t  t h e  M L S S  w a s  
v e r y  v i a b l e .  T h e  s l u d g e  s e t t l e d  w e l l  a n d  f a s t .  T h e  S V I  w a s  
l e s s  t h a n  6 0  m l / g .
T h e r e  w a s  a  v e r y  l a r g e  f l u c t u a t i o n  o f  C O D  f o r  1 9 9 1  e s p e c i a l l y  
f r o m  M a r c h  t o  A u g u s t .  T h e  C O D  o f  t h e  f e e d  v a r i e d  f r o m  7 6 3
m g / 1  ( M a r c h )  t o  3 4 2 5  m g / 1  ( J u l y ) . S u c h  a  l a r g e  f l u c t u a t i o n  o f  
C O D  f o r  s u c h  a  l o n g  p e r i o d  w a s  n e v e r  e x p e r i e n c e d  b e f o r e .  
S u r p r i s i n g l y ,  t h i s  d i d  n o t  s e e m  t o  h a v e  a n y  e f f e c t  o n  t h e  
p e r f o r m a n c e  o f  t h e  S B R  p r o c e s s .  T h e r e  w a s  n o  c h a n g e  i n  a l l  
t h e  o p e r a t i n g  s t r a t e g i e s .  T h i s  d e m o n s t r a t e d  a g a i n  t h a t  t h e
S B R  c o u l d  s u s t a i n  v e r y  h i g h  f l u c t u a t i o n  i n  o r g a n i c  l o a d i n g s .  
T h i s  c o u l d  b e  a t t r i b u t e d  t o  t h e . l o n g  R E A C T  p e r i o d  ( 2 0  h o u r s ) .
F i g u r e  5 . 7  s h o w s  s o m e  o f  t h e  t r a c k  s t u d i e s  d u r i n g  s t a b l e  
o p e r a t i o n s .  F o r  ' e a s y  d e m o n s t r a t i o n ,  o n l y  t h r e e  c u r v e s  a r e  
s h o w n .  E a c h  c u r v e  s h o w s  a  s e t  o f  r e s u l t s  a c c o r d i n g  t o  t h e
153
T able 5 .1 6  : Perform ance o f  S equencing  Batch Reactor
Feed Mixed
Liquor
Final Discharge SVI
(ml/g)
Date pH COD
(mg/l)
MLSS
(mg/l)
pH COD
(mg/l) (mg/i)
1990
J 5.0 577 2654 6.7 81.0 36
F 947 1952 6.5 63.0 22
M 447 2555 6.8 59.1 25 60
A 4.9 578 2279 7.0 48.2 27
M 856 3134 7.1 44.3 27
J . 692 2902 6.5 45.9 20
J 5,0 639 2035 6.2 61.4 27
A 722 1391 6.9 75.8 28 52
S 867 1979 6.7 76.7 23
O 4.8 615 2620 6.8 66.7 24
N 794 2134 6.8 62.8 38
D 5.1 712 2074 6.8 92.6 30
Mean 5.0 704 2309 6.7 64.8 27 56
1991
J 799 4460 6.5 89.6 29 66
F 1006 2948 6.4 96.3 24
M 4.9 763 2472 7.5 65.7 40
A 2283 2770 6.5 83.4 30
M 2646 3181 6.4 44.5 27
J 4.9 1497 2389. 7.01 80.6 25 48
J 3425 3184 7.1 66.5 50
A 276 2448 6.3 64.4 20
S 5.0 791 3308 7.1 64.6 20
0 oo 1—t l-ft 2256 6.9 47.9 24
N 966 3821 7.2 83.8 30
D 4.9 444 2160 6.8 51.8 20 49
Mean 4.9 1309 2950 6.8 70,0 28 54
COD - Chemical Oxygen Demand 
MLSS - Mixed Liquor Suspended Solids 
SS - Suspended Solids 
SVI - Sludge Volume Index
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Fig.5.6: Performance of SBR Treatment Plant
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F ig . 5 .7  : P e r f o r m a n c e  o f  S B R  P r o c e s s  (M o n ito r in g  R e s u l t s )
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i n i t i a l  C O D  o f  t h e  f e e d .  I t  c a n  b e  s e e n  t h a t  i r r e s p e c t i v e  o f  
t h e  C O D  o f  t h e  f e e d  u n d e r  s t u d y  ( r a n g e  f r o m  3 0 0  m g / l  t o  1 0 0 0  
m g / l ) ,  t h e  C O D  o f  t h e  m i x e d  l i q u o r  h a d  r e a c h e d  t h e  a c c e p t a b l e  
l i m i t  f o r  d i s c h a r g e  o n e  h o u r  a f t e r  t h e  F I L L  p e r i o d .  P r o l o n g e d  
a e r a t i o n  d i d  n o t  i m p r o v e  t h e  q u a l i t y  o f  t h e  f i n a l  d i s c h a r g e  
v e r y  m u c h .  V e r y  s t a b l e  a n d  c o n s i s t e n t  o p e r a t i o n  w a s  a c h i e v e d .
F i g u r e  5 . 7  a l s o  s h o w s  t h a t  t h e  a e r a t i o n  c a n  b e  s h o r t e n e d .  
H o w e v e r  d u e  t o  h i g h  f l u c t u a t i o n s  i n  o r g a n i c  l o a d i n g  
s o m e t i m e s ,  t h e  m a n a g e m e n t  i s  r e l u c t a n t  t o  t a k e  t h e  r i s k  t o  
c h a n g e  t h e  o p e r a t i o n  m o d e .  T h i s  m a y  r e q u i r e  c l o s e  m o n i t o r i n g  
a n d  m o r e  o p e r a t o r  a t t e n t i o n  a l s o .
5 . 5 . 5  S l u d g e  W a s t a g e
S i n c e  t h e  c o m m i s s i o n i n g  p e r i o d ,  t h e  h i g h e s t  d i s c h a r g e  p o i n t  
h a d  b e e n  u s e d  f o r  d e c a n t i n g  t h e  t r e a t e d  e f f l u e n t  ( c l a r i f i e d  
s u p e r n a t a n t ) .  S i n c e  t h e  c o m m i s s i o n i n g ,  t h e  p r o c e s s  h a d  b e e n  
p e r f o r m i n g  w e l l  a n d  p r o d u c i n g  h i g h l y  p u r i f i e d  f i n a l  
d i s c h a r g e .  T h e  C O D  a n d  S S  o f  t h e  f i n a l  d i s c h a r g e  w e r e  
c o n s i s t e n t l y  b e l o w  1 0 0  m g / l  a n d  5 0  m g / l  r e s p e c t i v e l y .  N o  
a t t e m p t  w a s  m a d e  t o  c h a n g e  t h e  d i s c h a r g e  p o i n t .  T h e  
d i s c h a r g e  p o i n t  w a s  a b o u t  o n e - f i f t h  o f  t h e  h e i g h t  o f  t h e  
r e a c t o r .  T h u s  f o r  e a c h  c y c l e ,  a b o u t  2 0  % o f  t h e  m i x e d  l i q u o r  
w o u l d  b e  r e t a i n e d  a f t e r  t h e  D E C A N T  p e r i o d .  A n y  s e t t l e d  o r  
u n s e t t l e d  M L S S  a b o v e  t h i s  p o i n t  a f t e r  t h e  p r e - s e t  t w o  h o u r  
S E T T L E  p e r i o d  w o u l d  b e  d i s c h a r g e d .
A t t e m p t s  w e r e  m a d e  t o  e s t i m a t e  t h e  s l u d g e  p r o d u c t i o n  a n d
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w a s t a g e ,  b u t  w i t h o u t  m u c h  s u c c e s s .  I t  w a s  n o t  p r a c t i c a l  t o  
m o n i t o r  s l u d g e  w a s t a g e  i n  f u l l  s c a l e  S B R  o p e r a t i o n .  T h o u g h  
t h e  s l u d g e  w a s t a g e  c o u l d  b e  e s t i m a t e d  b y  m a t e r i a l  b a l a n c e ,  i t  
w o u l d  n o t  b e  a c c u r a t e  i f  r e p r e s e n t a t i v e  s a m p l e s  c o u l d  n o t  b e  
o b t a i n e d .  O b v i o u s l y ,  b e i n g  c l o s e  t o  t h e  d e c a n t  p o i n t ,  t h e  
e a r l y  d i s c h a r g e  w o u l d  c o n t a i n  t h e  h i g h e s t  S S  ( i f  a n y ) .  T h e  
e r r o r  i n t r o d u c e d  b y  t a k i n g  a  s m a l l  a m o u n t  o f  s a m p l e  f r o m  s u c h  
a  b i g  r e a c t o r  w o u l d  r e n d e r  t h e  r e s u l t s  m e a n i n g l e s s .  F r o m  t h e  
s l u d g e  s e t t l i n g  t e s t s ,  i t  c o u l d  b e  s e e n  t h a t  t h e  s l u d g e  
s e t t l e d  w e l l  a n d  c o m p l e t e .  T h e  s u p e r n a t a n t  w a s  v e r y  c l e a r  f o r  
a l l  t h e  t e s t s .
A s  c o u l d  b e  s e e n  f r o m  d a t a  p r e s e n t e d  i n  T a b l e s  5 . 1 4  a n d  5 . 1 5 ,  
t h e  c o n c e n t r a t i o n  o f  M L S S  o f  t h e  S B R  s y s t e m  v a r i e d  q u i t e  a  
b i t .  I t  r a n g e d  f r o m  2 0 6 3  m g / l  t o  3 0 6 2  m g / l  f o r  t h e  m o n t h s  o f  
A p r i l  t o  M a y  1 9 8 8 .  T h e  c o n c e n t r a t i o n  o f  M L S S  s e e m e d  t o  h a v e  " 
d e c r e a s e d  i n  1 9 8 9 .  T h e  c o n c e n t r a t i o n  o f  M L S S  f o r  t h e  m o n t h s  
o f  J u n e ,  J u l y  a n d  A u g u s t ,  1 9 8 9  r a n g e d  f r o m  1 8 0 1  m g / l  t o  2 8 6 3  
m g / l .  T h e  v a r i a t i o n s  i n  c o n c e n t r a t i o n  o f  M L S S  d i d  n o t  s e e m  t o  
a f f e c t  t h e  o v e r a l l  p e r f o r m a n c e .  T h e  C O D ,  B O D  a n d  S S  w e r e  
c o n s i s t e n t l y  b e l o w  1 0 0  m g / l ,  1 0  m g / l  a n d  5 0  m g / l  f o r  m o s t  o f  
t h e  t i m e  r e s p e c t i v e l y .  T h e  v i a b i l i t y  o f  t h e  s l u d g e  w a s  
c h e c k e d  b y  o c c a s i o n a l  d e t e r m i n a t i o n  o f  M L V S S .  T a b l e s  5 . 1 4  
a n d  5 . 1 5  s h o w  t h a t  7 5 %  t o  8 8  % o f  t h e  M L S S  w e r e  M L V S S .  T h i s  
w a s  c o m p a r a b l e  t o  t h a t  o f  t h e  a c t i v a t e d  s l u d g e  u s e d  f o r  t h e  
s t a r t  -  u p  o p e r a t i o n .
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T h e  S V I  d a t a  s h o w n  i n  T a b l e s  5 . 1 4  t o  5 . 1 6  h a v e  i n d i c a t e d  t h a t  
t h e  M L S S  h a d  e x c e l l e n t  s e t t l i n g  c h a r a c t e r i s t i c s .  E x c e p t  f o r  
t h e  s t a r t  -  u p  p e r i o d  w h e n  t h e  o p e r a t i o n  w a s  i n t e r r u p t e d  f o r  
a  f e w  w e e k s ,  t h e  M L S S  c o n c e n t r a t i o n  o f  t h e  p r o c e s s  w a s  
m a i n t a i n e d  a t  a b o u t  2 0 0 0  m g / l  t o  3 0 0 0  m g / l  s i n c e  t h e n .  T h e  
v i a b i l i t y  o f  t h e  s l u d g e ,  m e a s u r e d  i n  t e r m s  o f  M L V S S  w a s  v e r y  
g o o d  r a n g i n g  f r o m  8 0 %  t o  8 8 % .
T h e  s e t t l i n g  c h a r a c t e r i s t i c s  o f  t h e  s l u d g e  w i t h  c o n c e n t r a t i o n  
o f  M L S S  a t  3 7 3 3  m g / l  a r e  s h o w n  i n  F i g u r e  5 . 8 .  I t  c a n  b e  s e e n  
t h a t  i t  w a s  v e r y  s i m i l a r  t o  t h o s e  o b t a i n e d  f o r  t h e  
e x p e r i m e n t a l  s t u d i e s  b e f o r e .  T h i s  a g a i n  c o n f i r m e d  t h a t  t h e  
p r o l o n g  R E A C T  p e r i o d  d i d  n o t  a f f e c t  t h e  s e t t l i n g  
c h a r a c t e r i s t i c s  o f  t h e  s l u d g e .  F r o m  t h e  l o w  S S  c o n c e n t r a t i o n  
o f  t h e  f i n a l  d i s c h a r g e ,  i t  c a n  a l s o  b e  i n f e r r e d  t h a t  t h e  l o n g  
R E A C T  p e r i o d  d i d  n o t  d i s p e r s e  t h e  s l u d g e  f l o e .  V e r y  c l e a r  
s u p e r n a t a n t  w a s  o b t a i n e d  t h r o u g h o u t  t h e  s t u d y  p e r i o d .
L a t e l y  i t  w a s  l e a r n t  t h a t  t h e  f i n a l  d i s c h a r g e  w a s  r e c y c l e d  a s  
c o o l i n g  w a t e r .  T h i s  h a s  r e s u l t e d  i n  s o m e  s a v i n g s  i n  t h e  w a t e r  
b i l l .
5 . 5 . 7  C o s t  A n a l y s i s
B e s i d e s  t h e  c a p i t a l  i n v e s t m e n t  c o s t ,  t h e  e l e c t r i c a l  e n e r g y  
c o n s t i t u t e s  t h e  m a i n  o p e r a t i n g  c o s t  f o r  t h e  S B R  p r o c e s s .
T h e  m a j o r  e n e r g y  c o n s u m i n g  e q u i p m e n t  a r e  a i r  b l o w e r ,  f e e d  a n d
5 . 5 . 6  S e t t l i n g  C h a r a c t e r i s t i c s  O f  T h e  S l u d g e
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5  .  5  . 7  . 1  C a p i t a l  I n v e s t m e n t  C o s t
C o n s t r u c t i o n  c o s t  d e p e n d s  v e r y  m u c h  o n  t h e  s i t e  c o n d i t i o n s .  
T h e  c a p i t a l  c o s t  f o r  t h i s  S B R  p r o c e s s  c o n s i s t i n g  o f  t w o  5 0  
c u b i c  m e t r e s  S B R  a n d  o n e  3 0  c u b i c  m e t r e  h o l d i n g  t a n k ,  w a s  
e s t i m a t e d  a t  M$ 2 7 8 , 0 0 0 .  T h i s  i n c l u d e d  t h e  p i l i n g  w o r k  ( o n e  
o f  t h e  m a j o r  c o s t  c o m p o n e n t s ) ,  t a n k  f o u n d a t i o n s ,  p i p i n g s ,  
m e c h a n i c a l  a n d  e l e c t r i c a l  w o r k s  a s  w e l l  a s  i n s t r u m e n t a t i o n  
a n d  c o n t r o l .
5 . 5 . 7 . 2  O p e r a t i n g  C o s t
O p e r a t i n g  c o s t s  a r e  p r i m a r i l y  r e l a t e d  t o  t h e  e l e c t r i c a l  
e n e r g y  c o n s u m e d  f o r  a e r a t i o n  a n d  c h e m i c a l s  r e q u i r e d  f o r  p H  
( m i n i m u m )  a n d  n u t r i e n t  a d j u s t m e n t s .  A  p a r t  t i m e  o p e r a t o r  i s  
r e q u i r e d  t o  o v e r s e e  t h e  S B R  o p e r a t i o n .  T h e  o p e r a t o r ' s  m a i n  
f u n c t i o n  i s  t o  t a k e  s a m p l e s  f o r  a n a l y s i s  a n d  m a i n t a i n  t h e  
p l a n t  i n  g o o d  o p e r a t i n g  c o n d i t i o n .  H e  n e e d s  t o  s p e n d  l e s s  
t h a n  2 5 %  o f  h i s  t i m e  i n  t h i s  o p e r a t i o n .  H i s  m a i n  j o b  f u n c t i o n  
i s  i n v o l v e d  i n  p r o d u c t i o n  l i n e .  F o r  t h i s  s t u d y ,  t h e  e n e r g y  
c o n s t i t u t e s  t h e  b u l k  o f  t h e  o p e r a t i n g  c o s t .  I t  i s  e s t i m a t e d  
t h a t  1 6 5  KWH o f  e l e c t r i c a l  e n e r g y  i s  r e q u i r e d  f o r  e a c h  c y c l e  
o f  o p e r a t i o n .  T h e  t o t a l  o p e r a t i n g  c o s t s  ( e n e r g y  a n d  c h e m i c a l s  
a n d  m a i n t e n a n c e )  a r e  e s t i m a t e d  t o  b e  a b o u t  M $  0 . 5 0  p e r  c u b i c  
m e t r e  o f  w a s t e w a t e r  t r e a t e d .
c h e m i c a l  d o s i n g  p u m p s ,  a n d  c o n t r o l  i n s t r u m e n t s .
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5 . 5 . 7  . 3 ______ M a i n t e n a n c e  C o s t
B e c a u s e  o f  i t s  s i m p l i c i t y ,  t h e  S B R  c o s t s  v e r y  l i t t l e  t o  
o p e r a t e  a n d  m a i n t a i n .  N o  f u l l  t i m e  s k i l l e d  o p e r a t o r  i s  
r e q u i r e d .  T h e  o n l y  m o v i n g  p a r t s  a r e  t h e  m o t o r s  w h i c h  a r e  v e r y  
s i m p l e  t o  m a i n t a i n  a n d  e a s y  t o  r e p l a c e .  P a r t s  a r e  e a s i l y  
a v a i l a b l e .
T h e  S B R  h a s  b e e n  i n  o p e r a t i o n  s i n c e  D e c e m b e r  1 9  8 6 ,  t h e  p l a n t  
m a i n t e n a n c e  h a d  b e e n  v e r y  m i n i m a l .  I n  f a c t ,  t h e  m a c h i n e r y  w a s  
v i r t u a l l y  m a i n t e n a n c e  -  f r e e .
T h e  p r o c e s s  d i d  n o t  p r o d u c e  a n y  o b j e c t i o n a b l e  o d o u r .  N o  
s l u d g e  b u l k i n g  o r  f o a m i n g  w a s  e n c o u n t e r e d .
H o w e v e r ,  i t  i s  i m p o r t a n t  t o  e n s u r e  t h a t  a s  l i t t l e  o i l  a s
p o s s i b l e  i s  a l l o w e d  t o  g e t  i n t o  t h e  S B R .  S p e c i a l  a t t e n t i o n  
h a s  t o  b e  p a i d  t o  t h e  w a s t e w a t e r  c o l l e c t i o n  s u m p  t o  e n s u r e  
t h e  c o m p l e t e  r e m o v a l  o f  f l o a t i n g  f a t t y  m a t e r i a l s  a n d  d e b r i s .  
A l s o  t h e  f l o a t i n g  s c u m  o n  t h e  r e a c t o r  l i q u o r  s u r f a c e  h a s  t o  
b e  r e m o v e d  a s  s o o n  a s  i t  i s  f o r m e d .
E v e r y t h i n g  b e i n g  e q u a l ,  t h e  i n i t i a l  i n v e s t m e n t  c o s t  f o r  S B R  
i s  c e r t a i n l y  l o w e r  t h a n  t h a t  o f  t h e  c o n v e n t i o n a l  a c t i v a t e d  
s l u d g e  p r o c e s s .  T h i s  i s  b e c a u s e  t h e  S B R  s y s t e m  d o e s  n o t  
r e q u i r e  a  s e p a r a t e  c l a r i f i e r  a n d  a  r e c y c l e  p u m p  f o r  t h e
r e t u r n e d  s l u d g e .  K e t c h u m  e t  a l .  ( 1 9 7 9 )  c o m p a r e d  S B R  w i t h
c o n v e n t i o n a l  a e r o b i c  s y s t e m s  o n  t h e  b a s i s  o f  i n i t i a l
i n v e s t m e n t  c o s t s ,  a n d  f o u n d  t h a t  t h e  S B R  w a s  t h e  l o w e s t  c o s t  
a l t e r n a t i v e .
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CHAPTER 6 CONCLUSIONS
l a b o r a t o r y  s c a l e ,  p i l o t  s c a l e  p l a n t  a n d  f u l l  c o m m e r c i a l  s c a l e
s e q u e n c i n g  b a t c h  r e a c t o r  p r o c e s s  o p e r a t i o n s .
1 .  T h e  s e q u e n c i n g  b a t c h  r e a c t o r  p r o c e s s  c a n  b e  o p e r a t e d
s u c c e s s f u l l y  f o r  t h e  t r e a t m e n t  o f  p a l m  o i l  r e f i n e r y
w a s t e w a t e r  e m p l o y i n g  t h e  p h y s i c a l  r e f i n i n g  p r o c e s s .
2 .  I n  a  l a b o r a t o r y  s c a l e  o p e r a t i o n  i n c o r p o r a t i n g  a  4  h o u r
F I L L ,  4  h o u r  R E A C T ,  2  h o u r  S E T T L E ,  2  h o u r  D E C A N T  a n d  
I D L E ,  t h e  p r o c e s s  i s  a b l e  t o  p r o d u c e  a  h i g h l y  p u r i f i e d  
f i n a l  d i s c h a r g e  w i t h  c h e m i c a l  o x y g e n  d e m a n d  a n d
s u s p e n d e d  s o l i d s  o f  t h e  f i n a l  d i s c h a r g e  l e s s  t h a n  1 0 0
m g / l  a n d  5 0  m g / l  c o n s i s t e n t l y ,  w i t h  t h e  i n i t i a l  C O D  o f  
t h e  f e e d  a s  h i g h  a s  1 3 0 0  m g / l .
3 .  I n  a  f u l l  s c a l e  o p e r a t i o n  i n c o r p o r a t i n g  4  h o u r  F I L L ,  2 0
h o u r  R E A C T ,  2  h o u r  S E T T L E ,  2  h o u r  D E C A N T  a n d  I D L E ,  t h e *
p r o c e s s  i s  a b l e  t o  p r o d u c e  s i m i l a r  r e s u l t s  r e g a r d l e s s  o f
t h e  i n i t i a l  C O D  o f  t h e  f e e d .
4 .  W i t h  t h e  DO l e v e l  m a i n t a i n e d  a t  a b o v e  2 . 5  m g / l ,  t h e  M L S S
a t  a b o u t  2 5 0 0  m g / l ,  v e r y  s t a b l e  a n d  c o n s i s t e n t
p e r f o r m a n c e  c a n  b e  a c h i e v e d .
5 .  T h e  S B R  p r o c e s s  c a n  s u s t a i n  h i g h  f l u c t u a t i o n  i n  o r g a n i c  
l o a d .  I n c o r p o r a t i n g  a  h o l d i n g  t a n k  h a s  m a d e  t h e
o p e r a t i o n  m u c h  s i m p l e r .
T h e  f o l l o w i n g  c o n c l u s i o n s  a r e  p r e s e n t e d  o n  t h e  b a s i s  o f
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6 .  T h e  M L S S  s e t t l e d  w e l l  a n d  f a s t .  N o  s l u d g e  b u l k i n g  w a s  
e n c o u n t e r e d  a f t e r  5  y e a r s  o f  o p e r a t i o n .
7 .  A  s h o r t  s t o p p a g e  d i d  n o t  s e e m  t o  a f f e c t  t h e  S B R  
o p e r a t i o n .
8 .  T h e  o p e r a t i o n  c a n  b e  f u l l y  a u t o m a t e d .  O n l y  a  p a r t - t i m e  
o p e r a t o r  i s  r e q u i r e d  t o  o v e r s e e  t h e  f u l l  o p e r a t i o n  o f  
t h e  S B R  p l a n t .
9 .  T h e  v e r s a t i l i t y  a n d  r e l i a b i l i t y  o f  t h e  S B R  p r o c e s s  h a s  
b e e n  f u l l y  d e m o n s t r a t e d  a t  l a b o r a t o r y  s c a l e ,  p i l o t  p l a n t  
a n d  f u l l  s c a l e  c o m m e r c i a l  p l a n t  o p e r a t i o n .
1 0 .  T h e  f u l l  s c a l e  S B R  p r o c e s s  h a s  b e e n  i n  f u l l  o p e r a t i o n  
s i n c e  1 9 8 7 .  V e r y  c o n s i s t e n t  a n d  e x c e l l e n t  r e s u l t s  h a v e  
b e e n  o b t a i n e d .  T h e  B O D  a n d  S S  o f  t h e  f i n a l  d i s c h a r g e  a r e  
c o n s i s t e n t l y  c o m p l y i n g  w i t h  t h e  D e p a r t m e n t  o f  
E n v i r o n m e n t ' s  d i s c h a r g e  s t a n d a r d s  o f  5 0  m g / l  a n d  1 0 0  
m g / l  r e s p e c t i v e l y .
1 1 .  T h e  S B R  p r o c e s s  i s  v i r t u a l l y  m a i n t e n a n c e  -  f r e e .  T h e  
o p e r a t i n g  c o s t  i s  e s t i m a t e d  a t  M $ 0 . 5 0  p e r  c u b i c  m e t e r  o f  
w a s t e w a t e r  t r e a t e d .
1 2 .  A  t o t a l  o f  f i v e  f u l l  s c a l e  S B R  p r o c e s s e s  h a v e  b e e n  
c o n s t r u c t e d  t o  t r e a t  p a l m  o i l  r e f i n e r y  w a s t e w a t e r s .
1 3 .  T h e  f i n a l  d i s c h a r g e  i s  o f  s u c h  h i g h  q u a l i t y  t h a t  i t  i s  
b e i n g  r e u s e d  a s  p r o c e s s  w a t e r  w i t h o u t  f u r t h e r  t r e a t m e n t .
1 6 3
REFERENCES
A b u f a y e d ,  A . A .  a n d  S c h r o e d e r ,  E . D .  ( 1 9 8 6 ) .
K i n e t i c s  A n d  S t o i c h i o m e t r y  O f  S B R / D e n i t r i f i c a t i o n  W i t h  A  
P r i m a r y  S l u d g e  C a r b o n  S o u r c e .
J .  W P C F ,  5 ,  p p  3 9 8  -  4 0 5 .
A l l e m a n ,  J . E .  a n d  I r v i n e ,  R . L .  ( 1 9 8 0 )
S t o r a g e - I n d u c e d  D e n i t r i f i c a t i o n  U s i n g  S e q u e n c i n g  B a t c h  
R e a c t o r  O p e r a t i o n .
W a t e r  R e s e a r c h ,  1 4 ,  p p  1 4 8 3  -  1 4 8 8 .
A p p e l d o o r n ,  K . J . ,  K o r t s t e e ,  G . J . J .  a n d  Z e h n d e r ,  A . J . B .  ( 1 9 9 2 )  
B i o l o g i c a l  P h o s p h a t e  R e m o v a l  B y  A c t i v a t e d  S l u d g e  U n d e r  
D e f i n e d  C p n d i t i o n s .  W a t .  R e s .  v o l .  2 6 ,  4 5 3  -  4 6 0 .
A P H A  ( 1 9 8 5 )
S t a n d a r d  M e t h o d s  f o r  t h e  E x a m i n a t i o n  o f  W a t e r  a n d  W a s t e w a t e r ,  
1 5 t h  E d .  A m e r i c a n  P u b l i c  H e a l t h  A s s o c i a t i o n ,  W a s h i n g t o n  D . C .
A r d e r n ,  E . ,  L o c k e t t ,  W . T .  ( 1 9 1 4 )
E x p e r i m e n t s  o n  t h e  O x i d a t i o n  o f  S e w a g e  w i t h o u t  t h e  A i d  o f  
F i l t e r s .
J .  S o c .  C h e m  I n d .  3 3 ,  5 2 3 .
A r g a m a n ,  Y .  ( 1 9 8 6 ) .
N i t r o g e n  R e m o v a l  I n  A  S e m i  -  C o n t i n u o u s  P r o c e s s .
W a t .  R e s .  2 0 ,  p p  1 7 3  -  1 8 3 .
A r o r a ,  M . L . ,  B a r t h ,  E . F .  a n d  U m p h r e s  ( 1 9 8 5 ) .
T e c h n o l o g y  E v a l u a t i o n  O f  S e q u e n c i n g  B a t c h  R e a c t o r s .
J .  W P C F ,  5 7 ,  p p  8 6 7  -  8 7 5 .
B a s i r  I s m a i l  ( 1 9 8 9 )
M a l a y s i a n  P a l m  o i l  I n d u s t r y  I n  T h e  Y e a r  2 0 0 0  
P r o c e e d i n g s  1 9 8 9  P O R I M  I n t e r n a t i o n a l  P a l m  O i l  D e v e l o p m e n t  
C o n f e r e n c e ,  p p  1  -  7 ,
B e e r ,  C .  a n d  W a n g ,  L . K .  ( 1 9 7 8 ) .
A c t i v a t e d  S l u d g e  S y s t e m s  U s i n g  N i t r a t e  R e s p i r a t i o n  -  D e s i g n  
C o n s i d e r a t i o n s .
J .  W P C F ,  p p  2 1 2 0  -  2 1 3 1 .
B i s o g n i ,  J . J .  a n d  L a w r e n c e ,  A . W .  ( 1 9 7 1 )
R e l a t i o n s h i p  b e t w e e n  B i o l o g i c a l  S o l i d s  R e t e n t i o n  T i m e  a n d  
S e t t l i n g  C h a r a c t e r i s t i c s  o f  A c t i v a t e d  S l u d g e .  W a t .  R e s .  v o l .  
5 ,  7 5 3  -  7 6 3 .
B r a h a ,  A .  a n d  H a f n e r ,  F .  ( 1 9 8 7 ) .
U s e  O f  L a b  B a t c h  R e a c t o r s  T o  M o d e l  B i o k i n e t i c s .
W a t .  R e s .  2 1 ,  p p  7 3  -  8 1 .
1 6 4
B r e n n e r ,  A . ,  C h o z i c k ,  R .  a n d  I r v i n e ,  R . L .  ( 1 9 9 2 )
T r e a t m e n t  o f  a  H i g h - S t r e n g t h ,  M i x e d  P h e n o l  W a s t e  i n  a n  S B R .  
W a t e r  E n v i r o n m e n t  R e s e a r c h ,  V o l .  6 4 ,  N o . 2 ,  p p  1 2 8  -  1 3 3 .
B u s c h ,  A . W .  ( 1 9 8 7 )
D i s c u s s i o n  o f  : T h e  c o n t r o l  o f  b u l k i n g  s l u d g e :  f r o m  t h e  e a r l y  
i n n o v a t o r s  t o  c u r r e n t  p r a c t i c e .
J .  W a t e r  p o i l u t .  C o n t r o l  F e d . ,  5 9 ,  1 0 7 8 .
C h a n g ,  J . E .  a n d  C h a n g ,  S . H .  ( 1 9 9 1 )
T h e  T r e a t m e n t  O f  L a n d f i l l  L e a c h a t e  W i t h  S e q u e n c i n g  B a t c h  
R e a c t o r .
P r o c e e d i n g s  o f  s e m i n a r  o n  " A p p r o p r i a t e  W a s t e  M a n a g e m e n t  
T e c h n o l o g i e s " ,  O r g a n i s e d  B y  T h e  R e m o t e  A r e a  D e v e l o p m e n t s  
G r o u p  I n s t i t u t e  F o r  E n v i r o n m e n t a l  S c i e n c e ,  M u r d o c h  
U n i v e r s i t y ,  A u s t r a l i a ,  p p  1 8 8  - 1 9 7 .
C h i n ,  K . K . ,  N g ,  W . J .  a n d  M a ,  A . N . ( 1 9 8 7 ) .
P a l m  O i l  R e f i n e r y  T r e a t m e n t  B y  S e q u e n c i n g  B a t c h  R e a c t o r s .  
B i o l o g i c a l  W a s t e s ,  2 0 ,  p p  1 0 1  -  1 0 9 .
C h i n ,  K . K .  a n d  W c n g ,  K . K .  ( 1 9 8 1 ) .
P a l m  O i l  R e f i n e r y  w a s t e  T r e a t m e n t .
W a t e r  R e s e a r c h ,  1 5 ,  p p  1 0 8 7  -  1 0 9 2 .
C h o f f e l ,  C .  ( 1 9 7 6 )
L i q u i d  W a s t e  T r e a t m e n t  I n  T h e  V e g e t a b l e  O i l  P r o c e s s i n g  
I n d u s t r y  -  E u r o p e a n  P r a c t i c e s .
J .  A O C S , 5 3 ,  p p  4 4 6  -  4 4 8 .
C h r i s t e n s i o n ,  N . H .  ( 1 9 7 4 )
D e n i t r i f i c a t i o n  o f  S e w a g e  b y  A l t e r n a t i n g  P r o c e s s  O p e r a t i o n .  
7 t h  I n t e r n a t i o n a l  C o n f e r e n c e  o n  W a t e r  P o l l u t i o n  R e s e a r c h  , 
P a r i s .
C h u d o b a ,  J . ,  G r a u ,  P .  a n d  O t t o v a ,  V .  ( 1 9 7 3 a )
C o n t r o l  o f  A c t i v a t e d  S l u d g e  F i l a m e n t o u s  B u l k i n g .  I I .
S e l e c t i o n  o f  M i c r o o r g a n i s m s  b y  M e a n s  o f  a  S e l e c t o r .
W a t .  R e s . ,  7 ,  1 3 8 9 .
C h u d o b a ,  J .  O t t o v a ,  V  a n d  M a d e r a ,  V .  ( 1 9 7 3 b )
C o n t r o l  o f  A c t i v a t e d  S l u d g e  F i l a m e n t o u s  B u l k i n g .  I .
E f f e c t  o f  H y d r a u l i c  R e g i m e  o r  D e g r e e  o f  M i x i n g  i n  A e r a t i o n  
T a n k .  W a t . R e s . ,  8 ,  1 1 6 3 .
D i c k ,  R . I . ( 1 9 7 2 )
G r a v i t y  T h i c k e n i n g  o f  S e w a g e  S l u d g e s .
J .  W a t e r  P o i l u t .  C o n t r o l  F e d .  v o l .  4 4 ,  3 6 8 .
1 6 5
D o n n e l l y , T .  ( 1 9 8 9 )
W a s t e w a t e r s  f r o m  E d i b l e  O i l  R e f i n i n g  a n d  M a r g a r i n e  P r o c e s s i n g  
-  S o u r c e s  a r i d  T r e a t m e n t  T e c h n i q u e s .
W o r l d  C o n f e r e n c e  P r o c e e d i n g s  -  E d i b l e  F a t s  a n d  O’i l s  
P r o c e s s i n g  : B a s i c  P r i n c i p l e s  a n d  M o d e r n  P r a c t i c e s ,  
p p  4 1 6  -  4 2 6 .
D r e w s ,  R . J .  a t  e l .  ( 1 9 7 2 )
T h e  O r b a l  E x t e n d e d  A c t i v a t e d  S l u d g e  P l a n t .
J W P C F . ,  V o l .  4 4 ,  N o .  2 ,  P  2 2 1 .
F u j i m o t o ,  E . ,  S e k i n e ,  T .  , I w a h o r i , I < .  a n d  F u r u y a ,  N .  ( 1 9 8 3 )  
S t u d i e s  O n  D i s s o l v e d  O x y g e n  C o n c e n t r a t i o n  a n d  S l u d g e  
R e t e n t i o n  T i m e  A f f e c t i n g  t h e  F u l l - S c a l e  A c t i v a t e d  S l u d g e  
P r o c e s s .  W a t .  R e s .  v o l .  1 7 ,  1 8 2 9  -  1 8 4 5 .
G o r o n s z y ,  M . C .  ( 1 9 7 9 ) .
I n t e r m i t t e n t  O p e r a t i o n  O f  T h e  E x t e n d e d  A e r a t i o n  P r o c e s s  F o r  
S m a l l  S y s t e m s .
J .  W P C F ,  5 1 ,  p p  2 7 4  -  2 8 7 .
H a d j i n i c o l a o u ,  J .  ( 1 9 8 9 )
E v a l u a t i o n  O f  a  C o n t r o l l e d  C o n d i t i o n  I n  A  S e q u e n c i n g  B a t c h  
R e a c t o r  P i l o t  P l a n t  O p e r a t i o n  F o r  T r e a t m e n t  O f  S l a u g h t e r h o u s e  
W a s t e w a t e r s .
C a n a d a i n  A g r i c u l t u r a l  E n g i n e e r i n g ,  V o l .  3 1 / 2 ,  p p  2 4 9  -  2 6 4 .  
H a w o r t h ,  J .  ( 1 9 1 6 )
D e s c r i p t i o n  o f  S h e f f i e l d  S e w a g e  D i s p o s a l  W o r k s  a n d  
E x p e r i m e n t a l  W o r k .
P r o c e e d i n g s  a s s o c i a t i o n  o f  M a n a g e r s  o f  S e w a g e  D i s p o s a l  W o r k s .  
H e r z b r u n ,  P . A .  e t  a l . ,  ( 1 9 8 4 )
T r e a t m e n t  o f  H a z a r d o u s  W a s t e  i n  a  S e q u e n c i n g  B a t c h  R e a c t o r .  
P r e s e n t e d  a t  t h e  3 9 t h  A n n u a l  I n d u s t r i a l  W a s t e  C o n f e r e n c e ,  
P u r d u e  U n i v e r s i t y ,  W e s t  L a f a y e t t e ,  I n d .
H o e p k e r ,  B . C .  a n d  S c h r o e d e r ,  E . D .  ( 1 9 7 9 ) .
T h e  e f f e c t  O f  L o a d i n g  O n  B a t c h  -  A c t i v a t e d  S l u d g e  e f f l u e n t  
Q u a l i t y .
J .  W P C F ,  5 1 ,  p p  2 6 4  -  2 7 3 .
I p ,  S . Y . ,  B r i d g e r ,  J . S .  a n d  M i l l s ,  N . F .  ( 1 9 8 7 )
E f f e c t  o f  A l t e r n a t i n g  A e r o b i c  a n d  A n a e r o b i c  C o n d i t i o n s  o n  t h e  
E c o n o m i c s  o f  A c t i v a t e d  S l u d g e  S y s t e m .
W a t .  S c i .  T e c h .  V o l .  1 9 ,  R i o .  p p  9 1 1  -  9 1 8 .
I r v i n e ,  R . L .  a n d  B u s c h ,  A . W .  ( 1 9 7 9 ) .
S e q u e n c i n g  B a t c h  B i o l o g i c a l  R e a c t o r s  -  A n  O v e r v i e w .
J .  W P C F ,  5 1 ,  p p  2 3 5  -  2 4 3 .
1 6 6
I r v i n e ,  R . L . ,  F o x ,  T . P .  a n d  R i c h t e r ,  R . O .  ( 1 9 7 7 ) .
I n v e s t i g a t i o n  O f  F i l l  A n d  B a t c h  P e r i o d s  O f  S e q u e n c i n g  B a t c h  
B i o l o g i c a l  R e a c t o r s .
W a t e r  R e s e a r c h ,  1 1 ,  p p  7 1 3  -  7 1 7 .
I r v i n e ,  R . L . ,  M i l l e r ,  G .  a n d  B h a m r a h  ( 1 9 7 9 ) .
S e q u e n c i n g  B a t c h  T r e a t m e n t  O f  W a s t e w a t e r s  I n  R u r a l  A r e a s .  J .  
W P C F ,  5 1 ,  p p  2 4 4  ~  2 5 3 .
I r v i n e ,  R . L .  a n d  R i c h t e r ,  R . O .  ( 1 9 7 6 )
C o m p u t e r  S i m u l a t i o n  A n d  D e s i g n  O f  S e q u e n c i n g  B a t c h  B i o l o g i c a l  
R e a c t o r s .
P r o c .  3 1 s t  I n d u s t r i a l  W a s t e  C o n f .  P u r d u e  U n i v e r s i t y ,  W e s t  
L a f a y e t t e ,  I n d .  1 8 2 .
K e t c h u m ,  L . H .  J r . ,  I r v i n e ,  R . L . ,  B r e y f o g l e ,  R . E .  a n d  
M a n n i n g ,  J . F .  J r .  ( 1 9 8 7 )
A  C o m p a r i s o n  O f  B i o l o g i c a l  A n d  C h e m i c a l  P h o s p h o r u s  R e m o v a l s  
I n  C o n t i n u o u s  A n d  S e q u e n c i n g  B a t c h  R e a c t o r s .  J W P C F  5 9 ,  p  1 3 - 1 8 .
K e t c h u m ,  L . H . J r .  a n d  L i a o ,  P . C .  ( 1 9 7 9 ) .
T e r t i a r y  C h e m i c a l  T r e a t m e n t  F o r  P h o s p h o r u s  R e d u c t i o n  U s i n g  
S e q u e n c i n g  B a t c h  R e a c t o r s .
J .  W P C F ,  5 1 ,  p p  2 9 8  -  3 0 4 .
K o h ,  W . K . ,  N g ,  W . J  a n d  O n g ,  S . L .  ( 1 9 8 7 )
B i o x i d a t i o n  a n d  N U t r i e n t  R e m o v a l  F r o m  V a r i o u s  W a s t e w a t e r  
U s i n g  S e q u e n c i n g  B a t c h  R e a c t o r .
P r o c e e d i n g  I n t e r n a t i o n a l  S y m p o s i u m  O n  S m a l l  S y s t e m s  F o r  W a t e r -  
S u p p l y  A n d  W a s t e w a t e r  D i s p o s a l ,  2 - 4 ,  J u l y ,  1 9 8 7 ,  N a t i o n a l  
U n i v e r s i t y  o f  S i n g a p o r e ,  p p  6 1 7  -  6 3 2 .
L e e ,  A . H .  ( 1 9 9 1 )
F a t t y  A c i d  W a s t e w a t e r  t r e a t m e n t  B y  s e q u e n c i n g  B a t c h  r e a c t o r  
P r o c e s s .  P r o c e e d i n g s  A p p r o p r i a t e  W a s t e  M a n a g e m e n t  
T e c h n o l o g i e s ,  V o l .  2 ,  O r g a n i s e d  b y  T h e  R e m o t e  A r e a  
D e v e l o p m e n t s  G r o u p  I n s t i t u t e  f o r  E n v i r o n m e n t a l  S c i e n c e ,
M u r d o c h  U n i v e r s i t y ,  A u s t r a l i a .
L i m ,  C . H .  a n d  P ' n g ,  T . C .  ( 1 9 9 1 )
U s e  o f  E f f l u e n t s  F r o m  P a l m  O i l  M i l l s  a n d  R u b b e r  F a c t o r i e s  F o r  
O i l  P a l m  C u l t i v a t i o n .
P e r s o n n e l  c o m m u n i c a t i o n .
L o ,  K . V . ,  B u l l e y ,  N . R .  a n d  K w o n g ,  E .  ( 1 9 8 5 ) .
S e q u e n c i n g  A e r o b i c  B a t c h  T r e a t m e n t  O f  M i l k i n g  P a r l o u r  
W a s t e w a t e r .
A g r i c u l t u r e  W a s t e s ,  1 3 ,  p p  1 3 1  -  1 3 6 .
L o ,  K . V . ,  T a m ,  J . P . ,  L i a o ,  P . H .  a n d  B u l l e y ,  N . R .  ( 1 9 8 8 ) .  
T r e a t m e n t  O f  M i l k i n g  C e n t e r  W a s t e  I n  S e q u e n c i n g  B a t c h  
R e a c t o r s .
B i o l o g i c a l  W a s t e s ,  2 5 ,  p p  1 9 3  -  2 0 8 .
16 7
L u d z a c k ,  F .  J .  a r i d  E t t i n g e r ,  M . B .  ( 1 9 6 2 )
C o n t r o l l e d  O p e r a t i o n  t o  M i n i m i z e  A c t i v a t e d  S l u d g e  E f f l u e n t  
N i t r o g e n .  J V 7 P C F .  ,  V o l .  3 4 ,  N o .  9 ,  p  9 2  0 .
M a ,  A . N . ,  C h o w ,  M . C .  a n d  C h e a h ,  S . C .  ( 1 9 9 0 )
A  S u r v e y  O f  T h e  P o l l u t i o n  C o n t r o l  M e a s u r e s  I n  T h e  P a l m  O i l  
I n d u s t r y  I n  M a l a y s i a .
A  r e p o r t  s u b m i t t e d  t o  U N D P .
M a ,  A . N . ,  L e e ,  K . M .  a n d  C h o o ,  K . C .  ( 1 9 9 0 )
F u l l - S c a l e  S e q u e n c i n g  B a t c h  R e a c t o r  T r e a t m e n t  o f  P a l m  O i l  . 
R e f i n e r y  W a s t e w a t e r .
P O R I M  B u l l e t i n  2 0 ,  p p  2 1  -  2 9 .
M a ,  A . N . ,  O n g ,  A . S . I I . ,  C h i n ,  K . K .  a n d  N g ,  W . J .  ( 1 9 8 7 )  
T r e a t m e n t  o f  O l e o c h e m i c a l  I n d u s t r i a l  W a s t e  U s i n g  S e q u e n c i n g  
B a t c h  P r o c e s s .
P r o c e e d i n g s  I n t e r n a t i o n a l  S y m p o s i u m  O n  S m a l l  S y s t e m s  F o r  
W a t e r  S u p p l y  a n d  W a s t e w a t e r  D i s p o s a l ,  2 - 4 ,  J u l y .  1 9 8 7 .  
N a t i o n a l  U n i v e r s i t y  o f  S i n g a p o r e ,  p p  6 0 7  -  6 1 6 .
M a k e p e a c e ,  W . H .  ( 1 9 2 1 )
T u n s t a l l  A c t i v a t e d  S l u d g e  E x p e r i m e n t s .
T h e  S u r v e y o r ,  V o l  L V I I I <  p p .  3 9 7  -  3 9 8 .
M a n n i n g ,  J . F ,  a n d  I r v i n e ,  R . L .  ( 1 9 8 5 ) .
T h e  B i o l o g i c a l  R e m o v a l  O f  P h o s p h o r u s  I n  A  S e q u e n c i n g  B a t c h  
R e a c t o r .
J .  W P C F ,  5 7 ,  p p  8 7  - 9 4 .
M a t t i n e z ,  S . G . ,  S t a u d ,  R . , W i l d e r e r ,  P . A . , H a r t m a n ,  L .  a n d  
N o r o u z i a n ,  M .  ( 1 9 8 7 )  .
A l t e r n a t i n g  A e r o b i c  a n d  A n a e r o b i c  O p e r a t i o n  O f  A n  A c t i v a t e d  
S l u d g e  P l a n t .
J .  W P C F ,  5 9 ,  p p  6 5  -  7 1 .
M c D e r m o t t ,  G . N .  ( 1 9 7 6 )
L i q u i d  W a s t e  T r e a t m e n t  I n  T h e  V e g e t a b l e  O i l  P r o c e s s i n g  
I n d u s t r y  -  U . S .  P r a c t i c e s .
J .  A O C S , 5 3 ,  p p  4 4 9  -  4 5 8 .
M e t c a l f  A n d  E d d y ,  I n c .  ( 1 9 7 9 ) .
W a t e r  A n d  W a s t e w a t e r  E n g i n e e r i n g :  T r e a t m e n t ,  D i s p o s a l ,  R e u s e .  
R e v i s e d  b y  G .  T c h o b o n a g l o u s , M c G r a w  -  H i l l ,  N e w  Y o r k .
M c C l i n t o c k ,  S . A . ,  S h e r r a d ,  J . H . ' ,  N o v a k ,  J . T .  a n d  R a n d a l l ,
C . W .  ( 1 9 8 8 ) .
N i t r a t e  V e r s u s  O x y g e n  R e s p i r a t i o n  I n  T h e  A c t i v a t e d  S l u d g e  
P r o c e s s .
J .  W P C F ,  6 0 ,  p p  3 4 2  -  3 5 0 .
M i n i s t r y  o f  P r i m a r y  I n d u s t r i e s ,  M a l a y s i a ,  ( 1 9 9 1 ) .
S t a t i s t i c s  O n  C o m m o d i t i e s .
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N g ,  W . J .  ( 1 9 8 7 )
A e r o b i c  T r e a t m e n t  o f  P i g g e r y  W a s t e w a t e r  w i t h  t h e  S e q u e n c i n g  
B a t c h  R e a c t o r .
B i o l o g i c a l  W a s t e s ,  2 2 ,  p p  2 8 5  -  2 9 4 .
N i e l s e n ,  J . S .  a n d  T h o m p s o n ,  M . D .  ( 1 9 8 8 ) .
O p e r a t i n g  E x p e r i e n c e s  A t  A  L a r g e  C o n t i n u o u s l y  F e d ,  
I n t e r m i t t e n t l y  D e c a n t e d ,  A c t i v a t e d  S l u d g e  P l a n t .
J .  W P C F ,  6 0 ,  p p  1 9 9  -  2 0 5 .
O n g ,  S . L .  ( 1 9 9 2 )
E f e c t  o f  M e a s u r e m e n t  E r r o r  o f  s e t t l i n g  o n  S e c o n d a r y  
S e d i m e n t a t i o n  T a n k  D e s i g n .
W a t e r  E n v i r o n m e n t  R e s e a r c h ,  V o l .  6 4 ,  N o .  2 ,  p p  1 0 4  -  1 1 0 .  
O s e n g a ,  W . A .  ( 1 9 8 0 )
A v a i l a b l e  E f f l u e n t  T r e a t m e n t  T e c h n o l o g i e s  f o r  P a l m  O i l  
R e f i n e r i e s  i n  M a l a y s i a .
P a p e r  p r e s e n t e d  a t  s e m i n a r  " P a l m  O i l  R e f i n e r y  T r e a t m e n t " ,  
K u a l a  L u m p u r .
P a l i s ,  J . C .  a n d  I r v i n e ,  R . L .  ( 1 9 8 5 ) .
N i t r o g e n  R e m o v a l  I n  A  L o w - L o a d e d  S i n g l e  T a n k  S e q u e n c i n g  B a t c h  
R e a c t o r .
J .  W P C F ,  5 7 ,  p p  8 2  -  8 6 .
P a l m ,  J . C . ,  J e n k i n s ,  D .  a n d  P a r k e r ,  D . S .  ( 1 9 8 0 )
R e l a t i o n s h i p  b e t w e e n  o r g a n i c  l o a d i n g ,  d i s s o l v i n g  o x y g e n  
c o n c e n t r a t i o n  a n d  s l u d g e  s e t t l e a b i l i t y  i n  t h e  c o m p l e t e l y -  
m i x e d  a c t i v a t e d  s l u d g e  p r o c e s s .
J .  W a t .  P o i l u t .  C o n t r o l  F e d .  5 2 ,  2 4 8 4  -  2 5 0 6 .
P a s v e e r ,  A .  ( 1 9 5 9 )
A  C o n t r i b u t i o n  t o  t h e  D e v e l o p m e n t  o f  A c t i v a t e d  S l u d g e  
T r e a t m e n t .
J .  P r o c .  I n d .  S e w .  P u r i f .  4 ,  4 3 6 .
P a s v e e r ,  A .  ( 1 9 6 0 )
A  S i m p l i f i e d  M e t h o d  f o r  t h e  P u r i f i c a t i o n  o f  C o m p a r a t i v e l y  
S m a l l  A m o u n t s  o f  S e w a g e  a n d  I n d u s t r i a l  W a s t e s .
P u r d u e  U n i v e r s i t y ,  E n g i n e e r i n g  B u l l e t i n ,  E x t .  S e r .  N o . 1 0 6 ,  
p p  5 2 8  -  5 4 0 .
P a s v e e r ,  A  ( 1 9 6 9 )
A  C a s e  O f  F i l a m e n t o u s  A c t i v a t e d  S l u d g e .
J .  W a t e r  P o l l .  C o n t r o l  F e d .  4 1 : 1 3 4 0 .
R e n s i n k ,  J . H .  ( 1 9 7 4 )
N e w  A p p r o a c h  t o  P r e v e n t i n g  S l u d g e  B u l k i n g .
J .  W a t e r  P o l l .  C o n t r o l  F e d .  4 6 : 1 8 8 8 .
1 6 9
S c h r o e d e r ,  E . D .  ( 1 9 8 2 )
D e s i g n  o f  S e q u e n c i n g  B a t c h  R e a c t o r  A c t i v a t e d  S l u d g e  
P r o c e s s e s .  C i v i l  E n g i n e e r i n g  f o r  P r a c t i s i n g  a n d  D e s i g n  
E n g i n e e r s ,  2 ,  3 3  -  4 4 .
S e n g ,  W . C .  ( 1 9 8 0 )
W a s t e w a t e r  T r e a t m e n t  f o r  E d i b l e  O i l  R e f i n e r i e s .
J .  A O C S ,  p p  9 2 6 A  -  9 2 8 A .
S i l v e r s t e i n ,  J .  a n d  S c h r o e d e r ,  E . D .  ( 1 9 8 3 ) .  
P e r f o r m a n c e  O f  S B R  A c t i v a t e d  S l u d g e  
N i t r i f i c a t i o n  /  D e n i t r i f i c a t i o n .
J .  W P C F ,  5 5 ,  p p  3 7 7  -  3 8 3 .
P r o c e s s W i t h
S u d o ,  R .  a n d  O k a d a ,  M .  ( 1 9 8 4 ) .
S i m u l t a n e o u s  R e m o v a l  O f  P h o s p h o r u s  A n d  N i t r o g e n  B y  S e q u e n c i n g  
B a t c h  A c t i v a t e d  S l u d g e  P r o c e s s .
P r e p r i n t  o f  S e c o n d  G e r m a n  -  J a p a n e s e  W o r k s h o p  O n  W a s t e w a t e r  
A n d  S l u d g e  T r e a t m e n t ,  1 - 4 ,  O c t o b e r  1 9 8 4 ,  G e r m a n y .
S u n d s r o m ,  D . W . ,  a n d  K i e l ,  H . E .  ( 1 9 7 9 )
W a s t e w a t e r  T r e a t m e n t .  P r e n t i c e - H a l l ,  N . J .
T h u n g ,  H . J .  a n d  R e a ,  J . E .  ( 1 9 8 7 )
S e q u e n c i n g  B a t c h  R e a c t o r  -  A n  E m e r g i n g  T e c h n o l o g y  I n  
W a s t e w a t e r  t r e a t m e n t .
P r o c e e d i n g  I n t e r n a t i o n a l  S y m p o s i u m  O n  
W a s t e r  S u p p l y  A n d  W a s t e w a t e r  D i s p o s a l ,
N a t i o n a l  U n i v e r s i t y  o f  S i n g a p o r e ,  p p  6 3
S m a l l  S y s t e m s  F o r  
2 - 4  J u l y  . 1 9 8 7 ,  
8 1 .
W a r d l e ,  T .  ( 1 8 9 3 )
S e w a g e  T r e a t m e n t  a n d  D i s p o s a l .
J .  R o y a l  S a n .  I n s t . ,  L o n d o n .
W i l d e r e r ,  P . A .  ( 1 9 8 4 ) .
A p p l i c a t i o n  O f  S e q u e n c i n g  B a t c h  R e a c t o r  T e c h n o l o g y  f o r  
I n d u s t r i a l  W a s t e w a t e r  T r e a t m e n t .
P r e p r i n t  o f  S e c o n d  G e r m a n  -  J a p a n e s e  W o r k s h o p  O n  W a s t e w a t e r  
A n d  S l u d g e  T r e a t m e n t ,  1 - 4 ,  O c t o b e r  1 9 8 4 ,  G e r m a n y .
W o n g ,  S . H . ,  W u ,  M . W .  a n d  C h o i ,  C . C .  ( 1 9 9 0 )
U p g r a d i n g  a n  A e r a t e d  L a g o o n  t o  a  S e q u e n c i n g  B a t c h  R e a c t o r  f o r  
P i g g e r y  W a s t e  T r e a t m e n t .
B i o l o g i c a l  W a s t e s ,  3 4 ,  p p  1 1 3  -  1 2 2 .
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A p p e n d is c  4 . 1
D e s i g n  c a l c u l a t i o n  f o r  t h e  p r o p o s e d  1 0 0  c u . m . / d a y  S e q u e n c i n g  
B a t c h  R e a c t o r  w a s t e w a t e r  t r e a t m e n t  a t  F E L D A  P a n d a m a r a n  O i l  
P r o d u c t s ,  P o r t  K e l a n g ,  S e l a n g o r ,  M a l a y s i a .
1 .  D e s i g n  p a r a m e t e r s  ( i n p u t )
i )  F l o w  r a t e
i i )  T e m p e r a t u r e
i i i ) p H
i v )  B i o c h e m i c a l  o x y g e n  
d e m a n d
v )  C h e m i c a l  o x y g e n
d e m a n d
v i )  S u s p e n d e d  s o l i d
v i i )  O i l  & G r e a s e
2 -  S i z i n g  o f  t a n k s
i )  H o l d i n g  t a n k
N u m b e r  o f  t a n k  r e q u i r e d  i s  o n e  u n i t .
P u m p i n g  r a t e  f r o m  w a s t e w a t e r  s u m p  t o  h o l d i n g  t a n k  
i s  f i x e d  a t  4  c u . m  p e r  h o u r  f o r  4  h o u r s .
P u m p i n g  r a t e  f r o m  h o l d i n g  t a n k  t o  S B R  i s  f i x e d  a t  
1 2  c u . m  p e r  h o u r .
N e t  p u m p i n g  r a t e  i s  1 2  -  4  =  8  c u . m .  p e r  h o u r .
N e t  v o l u m e  o f  h o l d i n g  t a n k  =  8  c u . m  / h  X 4  h r
“  3 2 .  c u .  m .
3 .  S B R  T a n k
I n  v i e w  o f  t h e  f l u c t u a t i o n  i n  f l o w s ,  i t  w a s  d e c i d e d  t o  
c o n s t r u c t  t w o  t a n k s .
P u m p i n g  r a t e  f r o m  h o l d i n g  t a n k  t o  S B R  i s  f i x e d  a t  1 2  
c u . m .  p e r  h o u r
P u m p i n g -  t i m e  i s  f i x e d  a t  4  h o u r s .
1 0 0  c u . m .  p e r  d a y .  
3 4  -  4 0 ° C .
3 . 5  ~  7 . 0 .
5 1 0  m g / l  m a x i m u m .
1 4 0 0  m g / l  m a x i m u m .  
2 0  -  3 0  m g / l .
5 0  -  1 0 0  m g / l .
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A p p e n d i x  4 . 1
( c o n t i n u e d )
N e t  v o l u m e  =  JL2 c u . m .  / h  X  4 h r  =  4 8 .  c u . m .
H e n c e  t h e  r e q u i r e d  c a p a c i t y  o f  t h e  r e a c t o r  i s  4 . 8  c u . i n .
T h e  h o l d i n g  a n d  r e a c t o r  t a n k s  w e r e  o v e r  d e s i g n e d .
3 .  S i z i n g  o f  D i f f u s e r s
i ) O x y g e n  r e q u i r e m e n t
A s s u m i n g  2.  k g . o f  o x y g e n  p e r  k g .  o f  B O D  i s  
r e q u i r e d .
M a x i m u m  B O D  a n t i c i p a t e d  «  5 1 0  m g / I
M a x i m u m  a m o u n t  o f  w a s t e w a t e r  t o  b e  t r e a t e d  =  5 0  
c u . m .  ( 5 0 , 0 0 0  l i t r e s ) p e r  c y c l e
T o t a l  B O D  l o a d  p e r  c y c l e  =  5 1 0  X 5 0 , 0 0 0  m g
=  2 5 . 5  k g .
T o t a l  o x y g e n  r e q u i r e d  =  2 5 . 5  X 2  =  5 5 .  k g .
P e r c e n t a g e  o f  o x y g e n  i n  a i r  b y  g r a v i m e t r i c  
a n a l y s i s  i s  2 3 % .
M a s s  o f . a i r  r e q u i r e d  =  5 5  / 0 . 2 3  =  2 3 8  k g .
D e n s i t y  o f  a i r  =  1 . 2  k g / c u . m .
. V o l u m e  o f  a i r  r e q u i r e d  =  2 3 8 / 1 . 2
=  1 9 8 . 3  c u . m .
T h e r e f o r e  1 9 8 . 3  c u . m .  o f  a i r  i s  r e q u i r e d  t h r o u g h  
t h e  d i f f u s e r s .
F o r  s i m p l i c i t y ,  i t  w a s  d e c i d e d  t o  o p e r a t e  t h e  
R E A C T  m o d e  f o r  m i n i m u m  8  h o u r s  o n l y .
R a t e  o f  a i r  r e q u i r e d  =  1 9 8 . 3 / 0  =  2 4 . 8  c u . m . / h r
T h e  o x y g e n  a b s o r p t i o n  r a t e  f o r  H K L  2 1 5  d i f f u s e r s  
i s  2 4 %  a t  a n  a i r  f l o w  r a t e  o f  3 . 2 5  c u . m . / h r .
A c t u a l  a i r  f l o w  r a t e  =  2 4 . 8 / 0 . 2 4
=  1 0 3 . 3  c u . m . / h r .
A i r  f l o w  r a t e  p e r  d i f f u s e r  «  3 . 2 5  c u . m . / h r
N u m b e r  o f  d i f f u s e r s  r e q u i r e d  p e r  r e a c t o r  t a n k  
1 0 3 . 3 / 3 . 2 5  «  3 2  u n i t s .
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A ppendix  4 .1
( c o n t i n u e d )
i i )  C r i t i c a l  A i r  R e q u i r e m e n t
C r i t i c a l  a i r  r e q u i r e m e n t  o c c u r s  w h e n  t h e  b l o w e r  
h a s  t o  s u p p l y  a i r  t o  t h e  t w o  r e a c t o r  
s i m u l t a n e o u s l y .
T h e r e f o r e ,  c r i t i c a l  a i r  r e q u i r e m e n t  
=  2  X 1 0 3 . 3  c u . m . / h r  
=  2 0 6 . 6  c u . m . / h r .
=  3 . 4 4  c u . m  / m i n .
4 .  S i z i n g  o f  B l o w e r
i )  C r i t i c a l  a i r  r e q u i r e m e n t  =  3 . 4 4  c u . m . / m i n .
i i )  A l l o w i n g  s a f e t y  f a c t o r  f o r  1 . 3
T o t a l  a i r  r e q u i r e m e n t  =  3 . 4 4  X 1 . 3
”  4 . 4 7  c u . m . / m i n .
I t  w a s  d e c i d e d  t o  d e s i g n  a  b l o w e r  w i t h  a  c a p a c i t y  
o f  .5 c u . m .  / m i n .
i i i )  A v a i l a b l e  h e a d  :
a .  s i z e  o f  p i p e  =  5 0  mm  d i a m e t e r
b .  l e n g t h  o f  p i p e  =  2 5  m
c .  f r i c t i o n  l o s s  a t  5  c u . m . / m i n  = 1 . 2  p s i g / 1 0 0  f t .
d .  t o t a l  p r e s s u r e  d r o p  a c r o s s  t h e  p i p e  
=  1 . 2  x  2 5  x  3 . 2 8 1 / 1 0 0
=  0 . 9 8 4  p s i g .
=  0 . 9 8 4  x  2 . 3 1  = 2 . 2 7  f t  o f  w a t e r  
=  6 9 3  m m  W G .
e .  p r e s s u r e  l o s s  t h r o u g h  d i f f u s e r  =  2 2 5  mm WG
f .  p r e s s u r e  l o s s  t h r o u g h  p i p e  =  0 . 9 8 4  p s i g
«  6 9 3  mm  WG
t o t a l  p r e s s u r e  l o s s  =  9 1 8  mm WG
g .  C o l u m n  o f  w a t e r  =  4  m .
t o t a l  p r e s s u r e  r e q u i r e d  =  4 . 9 1 8  m  WG
=  0 . 4 8  b a r
1 7 3
A ppendix  4 .1
(continued)
F r o m  a b o v e  c a l c u l a t i o n  t h e  f o l l o w i n g  s p e c i f i c a t i o n  o f  
d i f f u s e r s  a n d  b l o w e r  a r e  s e l e c t e d .
1 .  D i f f u s e r s
B r a n d  : N o p o l
M o d e l  : H K L  2 1 5
N u m b e r  r e q u i r e d  : 3 2  u n i t e  f o r  e a c h  r e a c t o r .
S e l e c t i o n  o f  d i f f u s e r  a n d  b l o w e r
2 .  B l o w e r
C a p a c i t y  : 5  c u . m .  p e r  m i n u t e
H e a d  : 0 . 5  b a r
B r a n d
T y p e
: R o b u s c h i
: R o t a r y  p i s t o n  b l o w e r .
S h o u l d  n e e d  a r i s e ,  t h i s  b l o w e r  h a s  e n o u g h  c a p a c i t y  
t o  s u p p l y  a i r  t o  a n  e x t r a  r e a c t o r  o f  s i m i l a r  
c a p a c i t y .  T h e  h o l d i n g  t a n k  c a n  b e  e a s i l y  c o n v e r t e d  
t o  a  r e a c t o r .
1 7 4
Appendix. 5JL
Cycle time : 24 hours
0 2 4 6 I 10 12 14 16 18 20 22 24 Hours
FILL
REACT (AERATION) SETTLE D E C A N T
IDLE
E xperim en t: 5.3
Reactor 
Volume 
(litre) |
:•••: pH ' *COD
(mg/l)
§ : # q b |
7  (mg/l) I
*MLSS
(mg/l)
*DO
(mg/l)
Feed 2 5.1 640 250 - -
Time (hr.)
0 2 7.2 70 6 18800 0.1
2 3.6 6.5 100 - - 0.1
4 5 6.9 150 - - 0.2
6 7.6 7.0 110 - - 1.3
8 8 7.1 110 10 5010 3.9
10 - - 105 - - -
12 - - 100 - - 4.0
14
16
18
20
22
24 7.2 90 5 8
* COD - Chemical Oxygen Demand 
BOD - Biochemical Oxygen Demand 
MLSS - Mixed Liquor Suspended Solids 
DO - Dissolved Oxygen
1 7 5
Appendix 5.2
Cycle time : 24 hours
0 2 4 6 8 10 12 14 16 18 20 22 24 Hours
FILL
REACT (AERATION) SETTLE D E C A N T
IDLE
Experiment: 5.5
Reactor
Volume
(litre)
pH : *COD •
(mg/l):
*BOD.;. 
t(nig/l)
*MLS$
|f(m g /l|j
*DO
(mg/l)
Feed 2 5.0 640 260 - -
Time (hr.)
0 2 7.0 80 10 19000 0.1
2 3.5 6.4 105 - - 0.1
4 5 7.0 140 - - 0.3
6 7.6 7.0 115 - - 1.5
8 8 7.2 110 8 5000 3.8
10 - - 105 - - -
12 - - 100 - - -
14
16
18
20
22
24 7.2 90 6 8
* COD - Chemical Oxygen Demand 
BOD - Biochemical Oxygen Demand 
MLSS - Mixed Liquor Suspended Solids 
DO - Dissolved Oxygen
1 7 6
Appendix 5.3
Cycle time : 12 hours
0 2 4 6 8 10 12 Hours
FILL
REACT (AERATION) SETTLE DECANT
IDLE
E xperim en t: 5 .1 3
l i s s i i p
: Reactor 
Volume 
(litre)
pH TOCOD
(mg/l)
*BOD
(mg/l)
------ -——
. *)VILS$
7 (mg/l) '
*DO
(mg/l)
Feed 4.3 650 250 -
Tim e (hr.)
0 2 7.0 100 20 19300 0.1
2 4 6.2 180 50 - 0.5
4 8 6.3 220 30 - 3.0
6 8 6.8 150 - - 3.2
8 8 7.1 100 15 5590 4.0
10 8 7.2 90 10 - -
12 2 7.2 90 8 - -
* COD - Chemical Oxygen Demand 
BOD - Biochemical Oxygen Demand 
MLSS - Mixed Liquor Suspended Solids 
DO - Dissolved Oxygen
1 7 7
Appendix 5.4
Cycle time : 12 hours
0 2 4 6 8 10 12 Hours
FILL
REACT (AERATION) SETTLE DECANT
IDLE
E x p erim en t: 5.17
Reactor
Volume
(litre)
,.tp H *COD
(mg/l)
*BOI)
(mg/l)
S m l s I !
(mg/l)
I I  * 0 0
(mg/l)
Feed 4.7 990 490 - -
Tim e (hr.)
0 2 6.7 170 20 - 0.06
2 3.5 6 .2 590 - - 0.1
4 5 6.1 700 - - 0.1
6 6.5 7.1 290 40 - 3.4
8 8 7.2 160 - 4950 3.9
10 - - - - -
12 - 150 7 - -
* COD - Chemical Oxygen Demand 
BOD - Biochemical Oxygen Demand 
MLSS - M ixed Liquor Suspended Solids 
DO - Dissolved Oxygen
1 7 8
Appendixes
C y cle  tim e : 12 hours
0 2 4 6 8 10 12 Hours
FILL
REACT (AERATION) SETTLE DECANT
IDLE
E x p erim en t: 5.23
R eac to r
Volume
(litre)
pH >COD
(mg/l)
♦BOD
(mg/l)
, ♦MLSS 
(mg/l)
:f *D O  
(mg/l)
Feed 5.0 770 300 - -
Tim e (hr.)
0 2 7.3 90 25 17900 0.1
2 4 6.5 190 - - 0.7
4 8 7.0 230 - - 2.8
6 8 7.0 150 30 - 3.2
8 8 7.2 100 20 2630 3.4
10 8 7.4 100 - - -
12 2 7.4 100 - - -
* COD - Chemical Oxygen Demand 
BOD - Biochemical Oxygen Demand 
MLSS - Mixed Liquor Suspended Solids 
DO - Dissolved Oxygen
1 7 9
Appendix 5.6
Cycle time : 8 hours
0 2 4 6 8 Hours
FELL
REACT (AERATION) SETTLE DECANT
IDLE
Experiment: 5.41
Reactor
Volume
(litre)
pH *COD
(mg/l)
♦BOD
|(m g/l);
l*MLSS.i
m m
Feed 5.5 490 190 - -
Time (hr.)
0 2 6.9 80 15 0.1
2 5 7.2 170 20 - 0.2
4 8 7.2 150 20 - 2.7
6 8 7.2 100 10 - 2.0
8 8 7.3 110 5 2500 0.2
* COD - Chemical Oxygen Demand 
BOD - Biochemical Oxygen Demand 
MLSS - Mixed Liquor Suspended Solids 
DO - Dissolved Oxygen
1 0 0
